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Acute otitis media (AOM) is a rapid onset of infection in the middle ear and the 
most frequently diagnosed disease in pediatric population. Conductive hearing loss is 
the most prevalent outcome of AOM because pathological changes in the infected 
middle reduce mobility of the tympanic membrane (TM). echanisms of TM mobility 
loss associated with AOM are not well understood. We hypothesize that middle ear 
pressure (MEP), middle ear effusion (MEE), and structural changes of ossicular 
adhesions and ear soft tissues are the main factors ontributing to the loss of TM 
mobility in AOM ears and their effects vary during the course of the disease.  
In this dissertation, a chinchilla AOM model was produced by transbullar 
injection of Haemophilus influenzae. Changes of MEP, MEE, and ossicular adhesions 
were characterized at day 4 (4D) and day 8 (8D) post inoculation. These time points 
represent relatively early and later phases of AOM. Microstructural changes of the TM, 
round window membrane (RWM), and stapedial annular lig ment (SAL) in the early 
and later phases of AOM were investigated by histology. Hearing loss in both AOM 
phases was evaluated by auditory brainstem response (ABR). TM mobility at the umbo 
and middle ear energy absorbance (EA) were measured in 4D and 8D AOM ears. In 
each group, the vibration of the umbo and EA was measured at three experimental 
stages: unopened, pressure-released, and effusion-removed ears. The effects of MEP 
and MEE and middle ear structural changes were quantified in each group by 
comparing the TM mobility or EA at one stage with that of the previous stage. 
Our findings show that the factors affecting TM mobility change with the 
disease time course. The MEP was the dominant contributo  to reduction of TM 
xvii 
mobility in 4D AOM ears, but showed little effect in 8D ears when MEE filled the 
tympanic cavity. MEE was the primary factor affecting TM mobility loss in 8D ears, 
but affected the 4D ears only at high frequencies. After the release of MEP and removal 
of MEE, residual loss of TM mobility was seen mainly at low frequencies in both 4D 
and 8D ears, and was associated with ossicular adhesions. The effects of MEP and MEE 
on EA were similar to those on TM mobility. Residual loss of EA seems was more 
likely associated with mechanical property changes of TM. 
Our findings demonstrate that MEP, MEE, together with middle ear structural 
changes, contribute to TM mobility loss in the chinc illa AOM ears. Their effects on 
TM movement at early and later phases of the disease were quantified. This study 
provides useful experimental data for understanding the mechanism of conductive 




CHAPTER 1: INTRODUCTION 
1.1 Structure and function of middle ear 
The human ear has outer, middle, and inner ear portions. Figure 1.1 shows a 
schematic diagram of human ear. The middle ear consists of the eardrum, the ossicular 
chain, and the middle ear cavity. The eardrum, or tympanic membrane (TM), is a cone-
shaped membrane. The ossicular chain consists of three ossicles: malleus, incus, and 
stapes. The long process of the malleus, or manubrium, is attached to the eardrum and 
pulls the membrane medially to form its conical shape. The point of maximum 
concavity is the umbo, which is the far end of the manubrium of the malleus. The 
malleus is connected to the incus via a joint. In some species, such as guinea pig or 
chinchilla, the malleus and the incus fuse together without a joint in between (Goksu et 
al. 1992; Wysocki et al. 2005; Hanamure et al. 1987; Vrettakos et al. 1988). The incus 
is connected with the stapes via the incudo-stapedil joint (IS joint), which is relatively 
soft compared with the malleus-incus joint. The stapes sits in the oval window. The 
stapedial annular ligament (SAL) connects the stape footplate to the oval window of 
the inner ear. The middle ear cavity is a hollow space surrounding the ossicles. The 
eustachian tube connects the middle ear cavity withthe nasal cavity, allowing pressure 
to equalize between the middle ear and throat.  
The primary function of the middle ear is to transform the acoustic vibration 
from the ear canal to the fluid motion within the cochlea. Sound waves propagate 
through the ear canal and cause vibration of the TM. he vibration is transmitted to the 
cochlea via the three ossicles. The piston-like motion of the stapes sets the cochlear 
fluid into vibration, which stimulates the mechano-sensitive hair cells (Møller 1983). 
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1.2 History of experimental studies on middle ear biomechanics 
Multiple techniques and devices have been used to study biomechanics of the 
middle ear. In the current literature, the experimental research have focused on four 
categories: (1) the vibration of the TM or ossicles in response to sound; (2) the acoustic 
impedance of the ear; (3) the sound energy absorbed or reflected by the middle ear; and 
(4) the mechanical properties of a specific soft tissue in the middle ear, such as TM, IS 
joint, or SAL. An overview of the published work for each category is given in this 
section.  
Vibration of the eardrum or ossicles represents the mechanical response of the 
middle ear to the sound. The amplitude of the vibration indicates the mobility of the 
middle ear. Since von Békésy first examined the middle ear vibration by using 
capacitive probes or strobe lights (von Békésy 1960), the vibrations of the TM at the 
umbo or ossicles were studied in human temporal bones and animals with different 
3 
measurement techniques (Dankbaar 1970; Goode 1993; Gyo et al. 1987; Gyo et al. 
1986; Heiland et al. 1999; Gan et al. 2004; Chien et al. 2006; Ruggero et al. 1990; 
Manley and Johnstone 1974). The vibration amplitude of the umbo or ossicles in normal 
human ears is smaller than 1 µm in response to sound at ormal voice level (70-80 dB 
SPL). The displacement of vibration under acoustic mulus is frequency-dependent 
and has been characterized in various species. In the last decade, single point laser 
Doppler vibrometer (LDV), which enables nanometer-sized vibration measurements, 
was widely used to determine the velocity/displacement of the umbo or stapes in human 
cadaveric bones (Voss 2000 et al.; Ravicz et al. 2004; Gan et al. 2006), guinea pigs 
(Guan et al. 2011; Guan et al. 2013; Turcanu et al. 2009), mice (Qin et al .2010), and 
chinchillas (Thornton et al. 2013). Recently, sound-induced motion of the entire surface 
of human TM was measured by using stroboscopic holography (Cheng et al. 2010; 
Cheng et al. 2013) and scanning LDV (Zhang et al. under review).  
Acoustic impedance (AI) is defined as the ratio of the acoustic pressure to the 
volume velocity generated by the pressure. Ear’s impedance measures the response of 
the whole TM to sound stimulus in the ear canal (Zwislocki 1962; 1963). After the early 
investigations of human ear impedance by Zwislocki (1957) and Feldman (1963), AI as 
a function of frequency has been determined in live human (Allen 1986; Merchant et al. 
1997; Merchant et al. 1998; Møller 1965; Rabinowitz 1981; Rosowski 1990), cats 
(Guinan and Peake 1967), lion (Huang et al. 1997), gerbils (Ravicz et al. 1992), and 
chinchillas (Margolis et al. 2001). AI is usually measured by using a sound source and a 
microphone at certain location in the ear canal. AI is affected not only by the impedance 
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at the TM (middle ear AI) but also by the impedance of the air space between the 
measurement location and the TM (Rabinowitz 1981; Zwislocki 1962).  
Middle ear energy absorbance (EA) is another measur of the response of the 
entire TM to sound stimulation in the ear canal. EA describes the sound power absorbed 
by the TM. Two decades ago, Keefe et al. (1993) and Voss and Allen (1994) described 
a technique to measure the power transfer into the middle ear over the range of auditory 
frequency. In their studies, EA was mathematically re ated to the AI measured in the ear 
canal and the cross-sectional area of the ear canal. The instruments for the measurement 
of EA were similar to those used for the measurement of AI. The advantage of using 
EA is that the absorbance is relatively insensitive o the air in the ear canal between the 
measurement point and the TM compared with impedance (Keefe et al. 1993; Rosowski 
et al. 2013). Normative EA or energy reflectance (ER = 1-EA) of normal human ears 
over the auditory frequencies has been reported in several studies (Voss et al. 2000; 
Feeney et al. 2003; Voss et al. 2008; Beers et al. 2010; Prieve et al. 2013). There are 
only few studies of EA measurement made in animals. Margolis et al. (2001) and Hsu et 
al. (2001) reported ER in the chinchilla ears. Their findings show that the pattern of the 
ER in chinchilla ears is similar to that of human ears.  
Middle ear soft tissues, such as TM, IS-joint, and SAL, together with ossicles, 
transfer vibrations from ear canal to inner ear. Mechanical properties of the soft tissues 
affect the sound transmission in the middle ear. Young’s modulus of the human TM 
was first reported by von Békésy (1960). Since then, numerous studies have been done 
to determine the mechanical properties of the human TM with various techniques 
(Kirkae 1960; Decraemer et al. 1980; Fay et al. 2005; Cheng et al. 2007; Luo et al. 
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2009; Huang et al. 2008; Daphalapurkara et al. 2009; Zhang et al. 2010). Due to 
experimental challenges, numbers of studies on other middle ear soft tissues are far less 
compared to TM. Recently mechanical properties of the human IS-joint and SAL were 
reported by Zhang and Gan (2011) and Gan et al. (2011), respectively.  
 
1.3 Acute otitis media 
Otitis media (OM) is an inflammation of the middle ear and is the second most 
prevalent disease in pediatric population after the common cold (Hendley 2002). Otitis 
media with effusion (OME) and acute otitis media (AOM) are two main types of OM. 
OME describes the symptoms of middle ear effusion (MEE) without signs of active 
infection (Stool 1994). AOM is an acute infection of the middle ear and caused by 
bacteria in about 70% of cases (Gould and Matz 2010).  
AOM is the most frequently diagnosed illness in children in the United States 
and the leading indication for antibiotics therapy in children (Hoberman et al. 2011). 
Approximately 9 million children were diagnosed with AOM per year in the United 
States. As a result, the costs associated with AOM are greater than 3 billion annually 
(Ahmed et al. 2014).  
      




Figure 1.2 shows the comparison between a normal ear and an AOM ear. As can 
be seen in the figure, the signs and symptoms of AOM usually include a hyperemic 
tympanic membrane and purulent effusion in the middle ear (Bluestone and Klein 
1983A; Shaikh et al. 2011). AOM is commonly associated with reduction of TM 
mobility as a result of middle ear pressure and middle ear effusion (Bluestone and Klein 
1983B). As a consequence of poorly mobile TM, conductive hearing loss is the most 
prevalent outcome of AOM (Bluestone and Klein 1983B). 
 
1.4 Current stage of research on middle ear biomechanics in AOM 
Efficiency of the sound transmission in the middle ear is sensitive to middle ear 
disorders. The pathological changes in the middle ear associated with AOM include 
abnormal pressure in the middle ear, effusion accumulated in the cavity (Bluestone and 
Klein 1983;), ossicular adhesions (Caye-Thomasen et al. 1996; 2000), and 
morphological changes of the soft tissues such as TM (von Unge et al. 1997; Larsson et 
al. 2003) and round window membrane (Gan et al. 2013). Those factors each would 
contribute to decrease of middle ear mobility. Among those changes associated with 
AOM, middle ear pressure and effusion have been simulated in human temporal bones 
or animal ears by injection of air pressure and saline into the cavity, respectively. The 
influence of middle ear pressure or effusion on sound transmission has been well 
studied. However, effects of the structural changes including ossicular adhesions and 
changes of middle ear tissues on the mechanical response of the middle ear are not well 
understood. 
1.4.1 Effect of middle ear pressure 
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Middle ear pressure is regulated by eustachian tube, which links the 
nasopharynx to the middle ear cavity. Temporary opening of the eustachian tube 
enables ventilation of the middle ear to equilibrate ir pressure in the middle ear with 
atmospheric pressure (Bluestone and Klein 1983A).  Inflammation or infection in the 
middle ear leads to blockage of the eustachian tube. Thus, abnormal pressure commonly 
occurred in the middle ear cavity of AOM ears.  
 
Figure 1.3 Peak to peak displacement of the TM at umbo when t middle ear pressure 
varied from 0 to -20 cm H2O (Gan et al. 2006). 
 
Several studies have investigated the effect of positive or negative middle ear 
pressure on middle ear mobility (Dai et al. 2008; Gan et al. 2006; Lee and Rosowski 
2001; Murakami et al. 1997; Petrova et al. 2006; Rosowski and Lee 2002). In human 
temporal bone studies, Gan et al. (2006) introduced air pressure in the middle ear and 
investigated the vibration displacement of the TM. Figure 1.3 displays the effect of 
negative middle ear pressure on TM displacement at the umbo measured by Gan et al. 
(2006). The results showed that the negative pressu reduced the TM movement 
mainly at low frequencies. Same pattern of the reduction of TM displacement was 
observed when positive pressure was present in the middle ear (Gan et al. 2006). The 
Frequency (Hz) 
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results observed in human ears by Murakami et al agreed with the findings by Gan et al. 
In a guinea pig OME model, Dai and Gan (2008) reported that the middle ear pressure 
caused reduction of TM vibration mainly at frequenci s less than 2 kHz. It is generally 
accepted that pressure in the middle ear increases the tiffness of the TM and thus 
decreases the TM movement at low frequencies. 
 To study the middle ear pressure’s effect on energy o  power absorbed by the 
middle ear, Voss et al. (2012) introduced static pressure in the middle ear cavity of the 
cadaveric temporal bones. Their results showed that increasing positive or negative 
MEP caused decrease of EA below 2 kHz.  
1.4.2 Effect of middle ear effusion 
The effect of middle ear effusion on vibration of the TM have been studied in 
human temporal bones (Ravicz et al., 2004; Gan et al., 2006; Dai et al., 2007;) and 
animal models (Turcanu et al., 2009; Qin et al., 2010; Guan and Gan, 2011). In those 
studies, saline was injected into the middle ear cavity to simulate the effusion. Figure 
1.4 shows the changes of the TM displacement when fluid level was increased in the 
guinea pig middle ears (Guan and Gan 2011). As can be seen, the displacement was 
reduced mainly at high frequencies as a small amount f fluid was injected, and the 
reduction was greater and extended to low frequency range when more fluid was 
present in the middle ear. Ravicz et al. (2004) also measured the TM vibration as saline 
was injected incrementally into the middle ear of human temporal bones. They 
concluded that the primary mechanism of TM mobility loss at high frequencies was the 
increased mass on the TM by the middle ear fluid. The reduction of TM movement at 


































Figure 1.4 Peak to peak displacement of the TM at umbo in respon e to 80 dB SPL 
sound input in the ear canal when the middle ear effusion varied from 0 to 0.2 ml (Guan 
and Gan 2011). 
 
Several studies showed the changes of EA in patients with OME (Feeney 2003; 
Allen et al. 2005; Beers et al. 2010). Because OME usually leads to effusion and 
pressure in the middle ear, EA was affected by the fluid and pressure together in those 
clinical studies.  In the study of human temporal bones, Voss et al. (2012) showed that 
the middle ear fluid alone decreased EA over 0.2-6 kHz. 
1.4.3 Effect of structural changes 
In addition to the pressure and effusion, the infection of AOM frequently results 
in structural changes of the ossicles and the soft tissues in the middle ear. Bacteria can 
form surface-attached communities on the mucosal layer of the middle ear cavity during 
the infectious process of AOM (Ehrlich et al. 2002; Hoa et al. 2009; Reid et al. 2009), 
which promotes formation of purulent adhesions in narrow spaces of the cavity such as 
the round window niche (Caye-Thomasen et al. 1996). The adhesions can form between 
the ossicles and surrounding bony wall and cause the fibrous fixation of the TM or 
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ossicular chain (Caye-Thomasen et al. 1996; Caye-Thomasen and Tos 2000; von Unge 
et al. 1997).  
Moreover, the infectious process can induce morphological changes of the TM 
(Bluestone and Klein 1983A). It has been reported that the structures and elastic 
properties of the TM in the AOM ears of gerbils aredifferent from that in normal gerbil 
ears (Larsson et al. 2003; von Unge et al. 1993; 1997). Changes of TM property would 
also impact its mechanical response to the input sond.  
The previous studies have revealed mechanisms of the loss of TM mobility and 
EA associated with fluid or pressure in the middle ear cavity. However, little is known 
about the effects of ossicular adhesions and tissue changes on acoustic response of the 
middle ear. The sound transmission in the ear of AOM would be influenced by a 
combination of the middle ear pressure, effusion, ossicular adhesions, and tissue 
changes. How these different factors contribute to the changes of middle ear 
biomechanics in AOM?  What are the mechanisms of conductive hearing loss in the 
infected ears? 
1.4.4 The guinea pig AOM model 
To answer those questions, we produced an AOM model in guinea pigs by 
transbullar injection of Streptococcus Pneumoniae, one of the most common bacteria 
found in AOM effusion (Guan and Gan 2013). Three days post inoculation, typical 
signs of AOM, such as purulent effusion, hyperemic TM, and ossicular adhesions, were 
observed in the inoculated ears. A comparison of the TM and ossicles between control 
ear (i.e. healthy ear) and AOM ear can be seen in Figure 1.5.  
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Figure 1.5 Photographs of (A) control eardrum, (B) AOM eardrum, (C) middle ear 
cavity and ossicles in  control ear (right ear), and (D) middle ear cavity in ear of AOM 
(left ear). IS-joint represents incudo-stapedial joint and RW represents round window. 
 
On day 3 after inoculation, vibrations of the TM at umbo in response to input 
sound in the ear canal was measured at three experimental stages: (1) OM-1: the intact 
or original AOM ear with middle ear pressure and effusion, (2) OM-2: pressure 






























Figure 1.6 Peak to peak displacement of the TM at umbo in respon e to 80 dB SPL 
sound input at the ear canal in OM-1 (red line), OM-2 (blue line), OM-3 (purple line), 
and control ears (black line). 
 
Figure 1.6 displays the TM displacement curves of the control and three 
experimental stages over the range of 0.2-40 kHz. The M displacement of OM-1 was 
smaller than that of the control or the other OM stages. When the pressure in the middle 
ear was released (OM-2), the displacement increased significantly at low frequencies 
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(0.2-3 kHz). As the effusion was drained from the cavity (OM-3), the TM displacement 
showed significant increase compared to OM-2 ears over all tested frequencies except 
32 kHz.  
Comparing OM-3 with control, there was residual loss f TM mobility at low 
frequencies (f < 3 kHz). There were two major structural differences between the 
normal and the AOM ears at stage OM-3: (1) purulent adhesions on the ossicles were 
undisturbed during the aspiration of fluid and remained in the AOM ears at this stage 
(see Figure 1.5D); (2) morphology of the TM changed in the infected ears (see Figure 
1.5B). The residual loss of TM displacement demonstrates that those middle ear 
structural changes contributed to the total loss of TM mobility in the AOM ears. 
This study unequivocally showed that middle ear pressure, effusion, together 
with infection-induced structural changes each affected the middle ear mobility. It was 
the first time that the contributions of each AOM factor to the reduction of sound 
transmission were quantified in the early phase of the disease.  
However, because such data are lacking in other animal species used as models 
of human AOM, it remained unclear whether our findings are species specific (i.e. 
unique to the guinea pig) or occur generally among the various animal models of AOM. 
An important additional issue not addressed in our guinea pig study is whether time 
course-specific changes in the processes altering mddle ear mobility occur during the 
course of AOM. It is known that the level of middle ear pressure, production of middle 
ear effusion, and the degree of inflammation change during the AOM course (Suzuki 
and Bakaletz 1994; von Unge et al., 1993; von Unge et al., 1997). How these factors 
contribute to the loss of TM mobility at different phases of middle ear disease is not 
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well understood. The influence of these factors on und energy absorption of the TM is 
also unclear.  
 
1.5 The chinchilla AOM model 
Nontypeable Haemophilus influenzae is another bacteria considered as an 
important pathogen for AOM (Bluestone and Klein, 1983; Bluestone et al., 1992; 
Giebink, 1999). H. influenzae has been used to produce AOM models in different 
species including chinchilla (Jurcisek et al. 2005; Bakaletz 2009), mouse (Melhus and 
Ryan, 2003), rat (Melhus and Ryan 2000), guinea pig (Sato et al. 1999), and gerbil 
(Fulghum et al. 1982; Soriano et al. 2000). 
The chinchilla (Chinchilla laniger) is a frequently employed animal model in 
auditory research. The size of a chinchilla’s TM is close to that of humans (Browning 
and Granich 1978; Hanamure and Lim 1987; Vrettakos et al., 1988). Nontypeable 
(acapsular) H. Influenzae strain 86-028NP, a clinical isolate from a patient with otitis 
media, frequently has been used in studies investigatin  host-pathogen interactions 
during AOM development and resolution in the chinchlla middle ear (Bakaletz et al., 
1999; Mason et al., 2003; Morton et al., 2004; Morton et al., 2012; Suzuki and Bakaletz, 
1994).  
Pathologic findings associated with the chinchilla AOM model induced by H. 
Influenzae 86-028NP were first characterized by Suzuki and Bakaletz (1994). Otoscopic 
examination indicated that the middle ear of chinchillas exhibited inflammation as early 
as one day following transbullar challenge. Thereafter, the degree of inflammation 
increased and peaked approximately 7-10 days post in culation (Suzuki and Bakaletz, 
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1994). This well established and widely used animal odel provides an opportunity to 
investigate the factors decreasing middle ear mobility in ears affected by AOM and 
their variation at different stages of the disease process. It also allows comparison of 
AOM outcomes between species and the opportunity to assess whether the bacteria 
species causing AOM influences the type and severity of the acute biomechanical 
changes occurring in the middle ear. 
 
1.6 Objectives 
AOM is the most prevalent disease in young children and frequently leads to 
conductive hearing loss in patients. Hearing loss can delay or impair development of 
language and speech. Mechanism and development of condu tive hearing loss 
associated with AOM are not completely understood. Studying biomechanics of the 
middle ear in AOM would help understanding the fundamental causes of sound 
transmission loss in the infected ears.  
Our previous study in guinea pigs quantified the eff cts of middle ear pressure, 
middle ear effusion, ossicular adhesions, and ear tissue morphologic changes on loss of 
TM mobility in early phase of AOM. However, it is not clear how those factors vary 
along the course of the disease and whether those effects are reproducible in different 
species.  
To characterize development of the middle ear pathologic changes and their 
roles on sound transmission during the course of AOM, we carried out detailed 
experiments in the chinchilla AOM model initiated by transbullar injection of strain H. 
Influenzae 86-028NP. As outlined in the following objectives, we employed 
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measurement of auditory brainstem response threshold to evaluate the conductive 
hearing loss in two treatment groups: 4 days and 8 days post inoculation. These time 
points represent relatively early and later phases of AOM. Meanwhile, we investigated 
the development of middle ear pressure, effusion, ossicular adhesion, and soft tissue 
microstructural changes from the early phase to the lat r phase of infection and 
determined their effects on TM vibration in response to sound stimulation and EA of the 
middle ear. The results of this study elucidate thefundamental mechanism of 
conductive hearing loss in ears with AOM. 
Objective 1: Investigate levels of middle ear pressure, production of middle ear 
effusion and adhesion, and microstructures of middle ear soft tissues in early and later 
phases of AOM.  
Objective 2: Evaluate conductive hearing loss at the two AOM phases by 
measuring thresholds of auditory brainstem response. 
Objective 3: Determine effects of middle ear pressure, effusion, and structural 
changes on TM vibration at umbo in early and late AOM phases in chinchilla and 
compare their effects with those in guinea pig AOM model. 
Objective 4: Determine effects of middle ear pressure, effusion, and structural 
changes on sound energy absorbed by the middle ear in ly and late AOM. 
 
1.7 Outline 
Chapter 2 presents detailed method to produce AOM in the chinchillas, 
procedures of histological preparation of the temporal bones, and histopathologic 
16 
changes of the TM, SAL, and round window membrane (RWM) in early and the later 
phases of infection. 
Chapter 3 presents method of auditory brainstem response measurement and 
quantitative results of conductive hearing loss at two AOM phases in chinchilla. 
Chapter 4 presents method of TM vibration measurement at umbo, mechanisms 
of umbo mobility loss at two infection phases in chin illas, and comparison between 
the chinchilla AOM model and the guinea pig AOM model. 
Chapter 5 presents results of middle ear EA measurement in two phases of 
AOM in chinchillas and mechanisms of EA reduction in AOM. 




CHAPTER 2: MIDDLE EAR HISTOPATHOLOGIC CHANGES IN 
CHINCHILLA AOM MODEL 
2.1 Introduction 
Loss of middle ear mobility depends on degree of the pathologic changes in the 
middle ear. As infection progresses in the cavity, level of middle ear pressure, 
production of middle ear effusion and adhesion, andmicrostructure of middle ear soft 
tissues would vary from early to later phases of the disease. Variation of each factor 
would affect middle ear mechanical response to sound. Before studying the loss of 
hearing or TM mobility, a quantitative description f these middle ear changes in the 
AOM ears needs to be established. In the current literature, the middle ear changes in 
this chinchilla model have not been quantified. Development of the middle ear pressure, 
effusion, and adhesion in the AOM ears is described in Chapter 4. In the current 
chapter, we focus on studying the microstructural ch nges of the TM, RWM, and SAL 
during the course of AOM by histology.  
Mechanical properties of the middle ear soft tissue are crucial for sound 
transmission. Changes of the elastic property of the ear tissues can directly affect the 
middle ear function. For example, a stiffened TM would reduce the amplitude of its 
vibration. Increase of the stiffness in SAL would increase the overall stiffness of the 
ossicular chain and subsequently decrease the middle ear mobility. Round window is 
one of the two openings into the inner ear from the middle ear. RWM is an elastic 
membrane facilitating motion of the fluid in the cochlea. A stiffened RWM results in an 
increase of the cochlear load and reduces the middle ear vibration. Studying structural 
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changes of the TM, RWM, and SAL would help understanding their mechanical 
property changes associated with AOM.  
Cross-sectional images of those tissues not only provide morphology of the 
internal structure, but also yield thickness of the m mbrane or ligament. Recently, our 
lab established a new method to measure dynamic properties of ear membrane tissues 
by coupling the experimental results with the finite-element modeling derived results. 
Mechanical properties of the human TM (Zhang and Gan 2010) and RWM (Zhang and 
Gan 2013), and the guinea pig RWM (Gan et al. 2013) were determined via this 
method. Thickness of the TM or RWM is a key parameter during the process of 
modeling. Characterizing thickness changes of the soft tissues in the AOM model 
would provide a data base for deriving their mechanical properties through the 
experiment-modeling couple method.  
In this chapter, the procedures to induce AOM in chin illas are described. 
Microstructures of the TM, RWM, and SAL were investiga ed at 4 days (4D) and 8 
days (8D) post inoculation by histology and compared with those in control (untreated) 
ears. Thickness at multiple locations of the TM andRWM in control, 4D, and 8D AOM 
ears were measured from the histologic sections. This study was undertaken to 
characterize the histopathologic changes of those ear tissues in the chinchilla AOM 




2.2.1 Production of AOM in chinchilla 
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Ten chinchillas (chinchilla lanigera) weighing between 600-800 g were 
included in histologic study. The study protocol was pproved by the Institutional 
Animal Care and Use Committee of the University of Oklahoma and met the guideline 
of the National Institutes of Health. All animals were free from middle ear disease (as 
evaluated by otoscopic examination) at the beginning of the study.  
The animals were divided into control, 4D AOM, and 8D AOM groups. The 
control group included three animals, and the two AOM groups each included two 
animals. AOM was produced by transbullar injection of HI 86-028NP suspension in 
both ears following the procedure described by Morton et al. (2012). Under general 
anesthesia [ketamine (10 mg/kg) and xylazine (2 mg/kg)], 0.3 ml bacterial suspension 
containing 3000 CFU was injected into the superior bulla bilaterally using a 1 cc 
syringe with a 26 gauge needle. After the challenge dose was administrated, otoscopic 
examination was performed daily. The animals of control group were untreated.  
2.2.2 Histologic preparation 
At the 4th or 8th day post-inoculation, animals were deeply anesthetized by 
overdose of ketamine (100 mg/kg) and xylazine (20 mg/kg) and intracardially perfused 
with fixative (4.0% paraformaldehyde in 0.1 M phosphate buffer solution, pH 7.2) (Dai 
and Gan 2008). The temporal bones or bullas were then arvested. To facilitate 
perfusion of fixative into the middle and inner ear, the bulla was widely opened at 
superior and inferior side and the bony wall of the cochlea at apex was removed.  Then 
the temporal bone was immersed in the same fixative overnight at room temperature. 
The next day, the bulla was removed from the fixative, serially washed in phosphate 
buffered saline (PBS) and distilled water, and decalcified with 10% ethylene diamine 
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tetraacetic acid (EDTA). The acid was then changed daily for 8 days. After 
decalcification, the ossicular chain was disrupted at IS-joint by using a #11 surgical 
blade, and the bulla was cut and separated into two parts: TM with malleus-incus 
complex and cochlea with stapes. Thereafter, both parts were washed in distilled water 
and dehydrated in a graded series of alcohols from 50% to absolute alcohol.  
Upon completion of dehydration, the specimen with the TM was embedded in 
paraffin in such an orientation that the handle of malleus was approximately 
perpendicular to the plane of sectioning. For studying RWM, the specimen with the 
cochlea was oriented in paraffin so the short axis of RWM was normal to the cutting 
plane. For study of SAL, the cochlea specimen was oriented in such a way that the short 
axis of stapes footplate was perpendicular to the sectioning plane.  
After hardening of paraffin, the specimen was cut into 8-µm thickness sections, 
serially mounted on glass slides, stained with Hematoxin-Eosin, and cover slipped.  
To date, two TMs, two RWMs, and two SALs in each experimental group were 
prepared from specimen to finished slide for examintio . 
2.2.3 Histopathologic analysis 
The histologic slides were examined and photographed under a calibrated 
Omano light microscope (Omano, China). Particular attention was given to thickness of 
the TM and RWM, which was measured directly from the photographs with the aid of 
image analysis software ImageJ.  
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Figure 2.1 Schematic of histologic sectioning of TM. TM thickness was measured at 
locations #1-3 for each section. 
 
Measurements of the TM thickness was made directly in three histologic 
sections from inferior to superior side as shown in Figure 2.1. Sections of L1, L2, and 
L3 was approximately 2.5 mm below, 0.5 mm below, and 2 mm above the low edge of 
the umbo, respectively. In each level the thickness wa  measured at three locations 
evenly spaced from anterior to posterior side and those locations are indicated in Figure 
2.1. The only exception is that location #2 of the L3 section was 0.5 mm anterior to the 
manubrium. 
 
Figure 2.2 Schematic of histologic sectioning of RWM. RWM thickness was measured 
at locations #1-3 for each section. 
 
 
RWM thickness was measured in three sections from lateral to medial side as 
displayed in Figure 2.2. The middle level, L2, was at the long axis of the membrane. 
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Sections of L1 and L3 were 250 µm lateral and 250 µm medial to the middle section, 
respectively. As shown in Figure 2.2, the thickness was measured at three locations 




Figure 2.3 displays histologic structure of a contrl TM. The image was taken 
near the center of superior-posterior quadrant of the membrane. The TM consists of 
three distinct layers: outer layer facing the ear cnal is composed of a single layer of 
squamous epithelium; middle layer consists of fibrous tissue; inner layer is the mucosal 
layer composed of a single layer of flat epithelial cells.  
 
Figure 2.3 Light micrographs of TM in control ear near center of superior-posterior 
quadrant. EC, ear canal; MEC, middle ear cavity; EP, epithelium; F, fibrous layer. 
 
Figure 2.4 shows cross sections of control TM near the annulus and the 
manubrium. The TM is thick in the region of the annulus, thins out in the midway, and 
thickens again near the manubrium. TM thickness of the middle portion is generally 
uniform and can vary from 6 to 10 µm. 
 






Figure 2.4 Light micrographs of TM in control ear near (A) annulus and (B) 
manubrium. EC, ear canal; MEC, middle ear cavity; A, annulus; M, manubrium. 
 
Figure 2.5 shows TM structure at two locations of a 4D AOM ear.  The 4D TM 
underwent substantial changes compared with control. The epithelial cells in the outer 
layer proliferated and stratified. The outer most epithelium of the TM seems to be 
keratinized. The outer layer was usually two to three cell layers thick as shown in Fig. 
2.5A, but occasionally four to five layers thick as shown in Fig 2.5B. Dilated capillary 
and infiltration of neutrophils were observed in the subepithelial area. Thickness of the 
fibrous layer in 4D was not much different from that of control ear. The cells in 
mucosal layer proliferated, became round in shape, but maintained a single layer. The 
thickness of mucosa was slightly increased. Neutrophil infiltration occurred also in 
mucosal layer. It should be emphasized that in 4D TM, the epithelial and subepithelial 









Figure 2.5 Light micrographs of TM in 4D AOM ear with (A) two to three cell layers 
thick epithelial layer and (B) four to five cell layers thick epithelial layer. EC, ear canal; 
MEC, middle ear cavity; C, capillary; N, neutrophil; K, keratin. 
 
Figure 2.6 displays TM structure at two locations of an 8D AOM ear. As 
inflammation persisted in the middle ear, the TM of 8D was thicker than that of 4D. The 
outer layer was in general three to five cell layers thick due to proliferation of the 
epithelium. Keratin filaments were frequently observed on surface of the TM. The 
subepithelial area was swollen because of edema. A greater number of inflammatory 
cells infiltrated into the subepithelial area compared with 4D. The middle fibrous layer 
seems unchanged. The epithelial cells of the mucosal layer proliferated and stratified. 
Edema and neutrophils were also observed in the mucosal layer. Thickness of the outer 
and inner layers were substantially increased in the 8D TM.  
 
Figure 2.6 Light micrographs of TM in 8D AOM ear. (A) Proliferation of epithelium, 
dilated capillary, edema, and infiltration of neutrophils occurred. (B) a great number of 
neutrophils infiltrated in subepithelial area. EC, ear canal; MEC, middle ear cavity; C, 
capillary; N, neutrophil; K, keratin; E, edema. 
 
Table 2.1 lists the TM thickness at various locations f control, 4D, and 8D 
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As can be seen in Table 2.1, the TMs of both AOM groups were thicker than 
those of controls at all nine locations. TM thickness of 8D ears was greater than that of 
4D ears at all measured locations. In each group, TM near the manubrium (location #2 
in superior level) was thicker than other locations. If we exclude the thickness result 
obtained near the manubrium, based on a total of sixteen measurements on two TM 
samples for each group the average TM thickness of control, 4D, and 8D AOM was 7.8 
± 1.1, 13.8 ± 2.4, and 26.3 ± 5.5 µm, respectively.  
2.3.2 RWM 
Figure 2.7 shows histologic structure at the center of a control RWM.  The 
chinchilla RWM consists of three layers: outer layer facing middle ear cavity is 
composed of squamous epithelium one to two cell layers thick; middle layer is 
connective tissue composed of collagen fibers; inner layer facing scala tympani is 
composed of a single layer of flat cells.  
 
Figure 2.7 Light micrographs of RWM in control ear. MEC, middle ear cavity; ST, 
scala tympani; F, fibrous layer. 
 
Figure 2.8 displays low magnification images of contr l RWM. The image in 
Fig. 2.8A shows the cross section of the RWM lateral to its long axis. Fig. 2.8B shows 
the section medial to its long axis. As can be seen, the membrane is thick in the region 
of the bony rim and thin out in the central portion. At lateral side of the RWM, the 





RWM in the region posterior to the center was up to twice thicker than the rest part of 
the membrane due to thickening of the fibrous layer as shown in Fig. 2.8B. This local 
increase of thickness was observed in all the RWM specimens. Our histologic results 
demonstrate that in chinchillas posterior-medial quadrant of the RWM is thicker than 
other quadrants.  
  
 
Figure 2.8 Light micrographs of control RWM at (A) lateral side and (B) medial side of 
the membrane. MEC, middle ear cavity; ST, scala tympani. Arrow indicates local 
increase of thickness in posterior region of RWM. 
 
Figure 2.9 shows the RWM of a 4D AOM ear. Substantial thickening occurred 
at the periphery of the membrane as shown in Fig. 2.9A.  The higher magnification 
image of the RWM near the rim indicates that the thickening was caused mainly by 
edema and infiltration of neutrophils (Fig. 2.9B).  
 
 
Figure 2.9 Light micrographs of 4D RWM at (A) low magnification and (B) high 
magnification near the rim and (C) the center of the membrane. MEC, middle ear 
cavity; ST, scala tympani; N, neutrophil; E, edema. 
 






















Figure 2.9C displays the 4D RWM structure near the center of the membrane. 
Infiltration of inflammatory cells was observed in the middle fibrous layer. The middle 
layer was thickened due to the infiltration. The outer epithelial layer and inner layer 
were not much different from those of control samples. The thickness in the central 
portion of the membrane increased compared with that of control. It is noticed that 
inflammatory cells were present in the scala tympani of the 4D ear.  
 
Figure 2.10 Light micrographs of 8D RWM at (A) low magnification and (B) high 
magnification near the center of the membrane. MEC, middle ear cavity; ST, scala 
tympani; N, neutrophil. 
 
Figure 2.10 displays the RWM structure of an 8D AOM ear. Compared with 4D 
RWM, the swelling at the boundary of the membrane decreased in 8D as shown in Fig. 
2.10A. The structure at the center of the membrane is shown in Fig. 2.10B. The outer 
and inner layers were single layer thick. Less inflammatory cells were observed in the 
middle fibrous layer compared with 4D ear. The most dramatic changes of the 8D 
RWM was that the connective tissue of the middle layer was loose, which might have 
resulted from edema. The whole membrane was thicker than that of control ear. 
Table 2.2 lists the thickness at nine locations of control, 4D, and 8D RWMs. To 
date, the thickness was measured in two specimens for each group. As shown in the 
table, the RWMs of 4D and 8D ears were thicker than those of control ears at all the 
locations.  The RWM thickness of 8D was not much different from that of 4D. In each 








was in general greater than that at other measured locations. The mean RWM thickness 
cross the nine locations of control, 4D, and 8D ears was 11.2 ± 2.5, 16.7 ± 2.4, and 16.1 







































































































































































































































































Figure 2.11 shows structure of a control SAL. The stapes footplate is attached to 
the margin of the oval window via the SAL (Fig. 2.11A). Structure of the chinchilla 
SAL containing articular cartilage, articular capsule, and cavity between two cartilage 
layers (Fig. 2.11B). The surface of the oval window and the rim of the footplate are 
covered by a layer of hyaline cartilage. In control specimen, the SAL capsule at 
vestibular side frequently ruptured in the histologic process, but its structure still can be 
identified. As shown in Fig. 2.11B, the capsule facing the middle ear cavity or scala 
vestibuli is composed of squamous cells one or occasion lly two layers thick. No 
fibrous tissue was observed in the SAL cavity.  
 
Figure 2.11 Light micrographs of control SAL at (A) low magnification and (B) high 
magnification. MEC, middle ear cavity; SV, scala vestibuli; F, footplate; SAL, 
stapediovestibular joint; OW, oval window; CP, capsule; C, cartilage; CV, cavity. 
 
Figure 2.12 displays SAL of a 4D AOM ear. Neutrophils were present in the 
middle ear near the footplate. No inflammatory cells were observed in scala vestibuli 
(Fig. 2.12A).  Dramatic changes occurred in the capsule facing the middle ear. 
Thickness of the outer capsule was substantially increased due to infiltration of 
inflammatory cells (Fig. 2.12B). The capsule at inner ear side was not different from 


















Figure 2.12 Light micrographs of 4D SAL showing (A) inflammatory cells were within 
middle ear side of the footplate, (B) infiltration of neutrophils into the joint capsule 
facing the middle ear, and (C) normal appearance of the capsule at inner ear side. MEC, 
middle ear cavity; SV, scala vestibuli; F, footplate; N, neutrophil. 
 
Figure 2.13 shows SAL of an 8D AOM ear. Inflammatory cells were observed 
in the middle ear side of the footplate, but were not found in the scala vestibule (Fig. 
2.13A). Edema and inflammatory cells were observed in the SAL capsule at middle ear 
side (Fig. 2.13B). This outer capsule thickened further compared with 4D ear. The 
capsule at inner ear side appeared normal in 8D ear (Fig. 2.13C). The articular cartilage 












and the cavity were not much different from those of control ear. In summary, the SAL 
cartilage, cavity, and inner capsule were not affected by the middle ear infection in both 
4D and 8D ears. The SAL’s outer capsule thickened in the early AOM and the 




Figure 2.13 Light micrographs of 8D SAL showing (A) inflammatory cells were within 
middle ear side of the footplate, (B) edema and neutrophils in the joint capsule facing 
the middle ear, and (C) normal appearance of the capsule at inner ear side. MEC, 



















Like many other species, the chinchilla TM consists of outer epithelial layer, 
middle fibrous layer, and inner mucosal layer. The number of studies on TM thickness 
of normal chinchilla was limited and there is noticeable discrepancy between the 
published data. Hsu et al. (2000) reported the thickness at seven locations across four 
quadrants of the chinchilla TMs in five age groups. In the 14 days-old chinchillas 
(oldest group in their study), the TM thickness varied from 18 to 31 µm over the 
measured locations (Table III in Hsu et al. 2000). Another study by Hsu et al. (2001) 
showed that TM thickness of adult chinchilla was 24 µm. Parekh et al. (2009) reported 
the morphology of normal chinchilla TM (Fig. 7 in their paper). Based on their 
histologic sections the TM thickness was between 6 to 10 µm, which was significantly 
smaller than the data reported by Hsu et al. In our cur ent study, TM thickness of 
normal chinchilla ear is consistent with the results reported by Parekh et al. (2009). 
The chinchilla RWM is also a three-layered membrane consisting of the outer 
epithelium, the middle connective layer, and the inner epithelium. Structure and 
thickness of normal chinchilla RWM has been reported in a few studies. Schachern et 
al. (1982) reported that the central portion of the normal chinchilla RWM had a mean 
thickness of 13.7 µm. Goycoolea and Lundman (1997) mentioned that the RWM 
thickness was 10 to 14 µm in chinchilla. Our thickness results of normal chinchilla 
RWM generally agree with those published data. 
Our histologic study demonstrated that the chinchilla SAL contains articular 
capsule, cartilage, and cavity. To date, my literature review of structural assessment on 
chinchilla SAL identify only one relevant study. Bolz and Lim (1972) examined the 
SALs of different species including chinchilla. Their results also showed that the 
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chinchilla SAL had structure of a synovial joint, which is similar to our observation. 
The rim of the footplate was attached to the oval window via thin capsules. There was 
no fibrous connection between the two cartilage layers in the joint. The structure of 
chinchilla SAL differs significantly from that of other lab animals and human. There are 
ligament fibers transversely crossing in the space between the two cartilage layers in the 
SALs of human (Bolz and Lim 1972; Takanashi et al. 2013), rat (Ohashi et al. 2006), 
dog, cat, and sheep (Bolz and Lim 1972).  
2.3.2 Histopathlogic changes of TM, RWM, and SAL in AOM 
The chinchilla TM underwent substantial changes in early phase of AOM and 
the changes were more prominent in later phase of the disease. At day 4 post 
inoculation, the outer epithelium of the TM proliferated and became two to three cells 
in thickness. Inflammatory cells infiltrated into the subepithelial area. The change in 
inner mucosal layer was relatively small. The middle fibrous layer remained unchanged. 
Thickening of the TM in 4D AOM ears was primarily contributed by the outer layer 
changes. At day 8 of the infection, thickness of the outer epithelium further increased. 
The subepithelial area was edematous and infiltrated with more neutrophils. The fibrous 
layer was not much different from that of control or 4D TM. Cells in the mucosal layer 
proliferated and stratified. Edema and neutrophil infiltration also occurred in the 
mucosal layer. Changes of outer and inner layer were the primary contributors to the 
thickening of the 8D TM. Edema and neutrophils in those two layers were likely to be a 
result of dilated capillaries, allowing fluid and inflammatory cells to escape from the 
capillaries. Berger et al. (1996) histologically examined the human temporal bones with 
AOM. They reported that the epithelial layer of the TM was thicker in patients with 
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AOM and identified that swelling, infiltration with inflammatory cells, and distended 
capillaries affected mostly the subepithelial and submucosal layers, whereas the fibrous 
layers remained intact. Our findings on TM changes in the chinchilla AOM model are 
similar to their results. 
Thickness of the chinchilla RWM was increased in 4D AOM. The thickening 
was resulted from infiltration of inflammatory cells into the middle fibrous layer of the 
membrane. Those inflammatory cells are believed to escape from the capillaries in the 
middle layer and migrate towards the middle ear cavity and inner ear scala tympani. 
Under light microscope examination, the outer and inner epithelial layers of 4D RWM 
were not different from those of control. As AOM persisted to 8D, in middle layer of 
the RWM the fibrous tissue was loose and swollen and the number of inflammatory 
cells decreased. No substantial changes were observed in the outer and inner layers. The 
thickness of 8D RWM was similar to that of 4D RWM. Schachern et al. (1981) 
produced OM in chinchillas by intrabullar injection of staphylococcal exotoxin and 
examined the RWMs by electron microscope. They alsoobserved inflammatory cell 
infiltration of the fibrous layer and basal portion f the scala tympani. Furthermore, they 
identified intercellular edema, cellular and nuclear swelling of the epithelium in both 
surface layers. In our study, such changes in RWM epith lium were not observed under 
light microscope.  
Changes of the SAL in both 4D and 8D AOM ears were limited in the capsule 
facing the middle ear. Inflammatory cells infiltrated into the capsule and subsequently 
increased the capsule thickness in the early phase of AOM. Thickening of the SAL 
outer capsule was more prominent at day 8 due to cell infiltration and swelling. The 
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epitheliums of the outer capsule line with the middle ear mucosa. The inflammatory 
cells and fluid in the capsule might migrate from the middle ear mucosa adjacent to the 
joint. The inner capsule facing the cochlear cavity was unchanged and no inflammatory 
cells were observed in the scala vestibuli near the footplate. The inflammation did not 
cross the oval window. It suggests that the SAL is less susceptible to middle ear 
inflammation than the RWM in this AOM model. 
In this study, histologic examination on the control and AOM ears indicates that 
microstructures of the TM, RWM, and SAL in the disea d ears varied from those of 
controls. The ear tissues’ structural changes in later phase of AOM were more 
prominent than those in early phase of the disease, which suggests that the mechanical 
properties of those tissues may change over the course of the disease. 
Future works are needed to increase numbers of TM and RWM specimens of 
control and two AOM groups for statistical analysis on their thickness. Histologic 
preparation for SAL needs to be improved to maintain an intact inner capsule. 
 
2.4. Conclusion 
AOM was produced in the chinchillas by transbullar injection of H. influenzae. 
Microstructures of the TM, RWM, and SAL were examined in normal, 4D AOM, and 
8D AOM ears by histology. Thickness of the TM and RWM were quantified in the 
three experimental groups. In early phase of AOM, T thickness was increased and 
cellular proliferation and infiltration in outer layer were primary contributors. RWM 
was also thickened by infiltration of neutrophils into the middle fibrous layer. Outer 
capsule of the SAL was thickened due to cell infiltration. In later infection phase, TM 
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was further thickened by edema and cell proliferation n the outer and inner layer. 
Middle fibrous layer of the RWM became swollen. Thickness of the SAL’s outer 
capsule was further increased by edema. This study characterized the histopathologic 
changes of those middle ear tissues during the course of AOM and provides 
fundamental structural evidence to aid in understanding their mechanical properties. 
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CHAPTER 3: AUDITORY BRAINSTEM RESPONSE OF CHINCHILLA AOM 
EARS 
3.1 Introduction 
In this chapter, hearing level changes of the chinchillas in early and later phases 
of AOM was evaluated by measuring the animals’ auditory brainstem response (ABR). 
ABR is an auditory evoked potential generated along the path from the inner ear 
auditory nerves to the inferior colliculus in the midbrain. This electrical activity can be 
recorded via electrodes placed on the scalp.  
ABR signal is characterized by a series of waves produced usually in the first 10 
milliseconds after onset of an auditory stimulus. Figure 3.1 shows ABR of a chinchilla 
in response to sound stimulus at various intensities. The amplitude of each wave in the 
ABR is reduced as the sound level decreases. ABR cannot be identified when sound 
intensity declines to a certain level, which is usually considered as the threshold of ABR 
or hearing.  
 
Figure 3.1 ABR of a chinchilla ear in response to sound stimulus at various intensities. 
1 ms 
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ABR has been widely used to determine changes of hearing threshold or hearing 
loss in animals with OM. Petrova et al. (2006) investigated the effects of the middle ear 
fluid and pressure on the auditory threshold by measuring the ABR in live guinea pigs. 
Qin et al. (2010) investigated the hearing loss in m ce ears with middle ear effusion by 
measuring the ABR threshold. Recently, we conducted ABR measurement in guinea 
pigs to investigate the hearing loss produced by middle ear fluid (Guan and Gan 2011).  
This chapter describes the methods of ABR measurement and the results of 
hearing loss in the chinchillas represented by ABR threshold shifts at 4 days (4D) and 8 
days (8D) post inoculation. 
 
3.2 Methods 
3.2.1 Animal preparation 
Fifteen chinchillas (Chinchilla lanigera) weighing between 600-780 g were 
included in this study. The study protocol was approved by the Institutional Animal 
Care and Use Committee of the University of Oklahoma and met the guideline of the 
National Institutes of Health. All animals were free from middle ear disease (as 
evaluated by otoscopic examination) at the beginning of the study.  
The chinchillas were divided into control and AOM groups. The control group 
included six animals, the group of 4D AOM included five animals, and the group of 8D 
AOM included four animals. AOM was produced by transbullar injection of HI 86-
028NP suspension in both ears following the procedure escribed in Chapter 2. At the 
4th or 8th day post-inoculation, animals were anesthetized as described above. 
Additional anesthesia was administered as needed to maintain areflexia.  
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The pinna and the skin covering the ear canal were removed surgically to expose 
the entrance of the ear canal. In each animal, the exp riment was conducted bilaterally 
(N=12 for control; N=10 for 4D AOM; N=8 for 8D AOM). For both control and AOM 
groups, the body temperature of the animal was maintained throughout the experiment 
at approximately 38° C by placing the animal in a prone position on a thermoregulated 
surgical heating blanket. 
3.2.2 ABR measurement 
Pure-tone ABR thresholds of the AOM and control animals were recorded 
following the procedure reported in Guan and Gan (2011). Repeated tone burst stimuli 
with alternating polarity from TDT system III (Tucker-Davis Technologies, Alachua, 
FL) were delivered by the speaker (CF1, TDT, Alachua, FL) to the probe of a ER-10B+ 
microphone (Etymotic Research, Elk Grove Village, IL), which was inserted into the 
ear canal. The microphone and the sound delivery tube were integrated in the probe. 
The tip of the probe was approximately 3 to 5 mm away from the umbo.  
Tone burst stimulus with duration of 4 ms (0.5 ms  ri e/fall, 3 ms plateau) at 
frequencies of 0.5, 1, 2, 4, and 8 kHz was applied in the ear canal at the rate of 13/s. 
Figure 3.2 displays the waveform of the stimulus to ev ke ABR. The stimuli of tone 
burst started from 80 dB and down (or up) to the thr s old in steps of 5 dB. The ABR 
threshold was defined as the lowest sound intensity at which clear ABR waves could be 
observed (Qin et al. 2010; Jeselsohn et al. 2005; Petrova et al. 2006). The ABR 
waveform at each level was measured in 10 ms recording window, averaged 200 times, 
and recorded on a computer. The input sound pressur levels were calibrated by using 
the microphone in every ear before the test. 
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Figure 3.2 Waveform of tone burst stimulus to evoke ABR. 
 
The negative recording electrode (steel needle electrode) was inserted 
subcutaneously at the mastoid area and the positive recording electrode was placed at 
the vertex. The ground electrode was placed in the hind leg. ABR signals were 
amplified and averaged using TDT system III and Biosig software. The no-testing ear 
canal was sealed with dental cement during the ABR measurement. 
 
3.3 Results 
Figure 3.3 shows the individual and mean threshold of pure tone ABR over 
frequencies of 0.5-8 kHz in twelve control, ten 4D AOM, and eight 8D AOM ears. The 
gray area indicates ±1 standard deviation (SD) around mean.  
ABR thresholds of control ears with mean and individual curves are displayed in 
Fig. 3.3A. The mean threshold was relatively high at low frequencies and gradually 
decreased as the frequency increased to 8 kHz. Published data from Hsu et al. (2001) 
were plotted in Fig. 3.3A for comparison. The difference between our results and their 
data was within 5 dB over 1-8 kHz except 4 kHz, where the threshold of normal 
chinchillas measured by Hsu et al. was 8 dB greater than that obtained in the current 
study. This may result from different methods of stimulus calibration between the two 
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studies. The stimulus was calibrated in a 1 cm3 oupler in the study by Hsu et al. In our 




Figure 3.3 Threshold of ABR over 0.5 to 8 kHz in (A) control, (B) 4D AOM, and (C) 
8D AOM ears. Dotted lines represent the individual curves. Solid line represents the 
mean curve. Shaded area represents ± 1 SD around mean. Blue line represents the ABR 





The mean ABR threshold of 4D AOM ears elevated at all ested frequencies 
(Fig. 3.3B). Individual ABR curves show variations at low and high frequencies, which 
may be caused by different levels of middle ear pressure and effusion between ears.  
Figure 3.3C shows the individual and mean ABR thresold of 8D AOM ears. 
The mean threshold at high frequencies further increased compared with 4D ears. The 



















Figure 3.4 Comparison of mean ABR threshold with SD between co trol (black line), 
4D (blue line), and 8D ears (red line).  
 
Figure 3.4 displays the comparison of the mean ABR data over the frequencies 
between three groups. Student t-tests were used to analyze the group difference at each 
frequency and the statistical results are listed in Table 3.1. The ABR threshold of both 
AOM groups is significantly greater than that of contr l ears at all tested frequencies. 
As shown in Fig. 3.4, the mean ABR threshold of 8D ears is higher than that of 4D ears 
over the frequencies, but the increase is significant only at 2 and 4 kHz (Table 3.1). 
Table 3.1 List of P values derived from unpaired t-test on the ABR threshold data 
between control, 4D, and 8D ears. 
 0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz 
Control vs 4D 0.00 0.00 0.00 0.00 0.00 
Control vs 8D 0.00 0.00 0.00 0.00 0.01 
4D vs 8D 0.49 0.21 0.04 0.04 0.19 
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3.4 Discussion 
Elevation of ABR threshold in 4D and 8D ears indicates that the animals had 
conductive hearing loss in early and later phases of AOM. The hearing loss resulted 
from a combination of middle ear pressure, effusion, and structural changes induced by 
the middle ear infection. The 8D ears tend to have greater hearing loss than the 4D ears 
over all the frequencies and significant difference in hearing loss level occurred at 
certain frequencies between the two AOM phases. Our findings demonstrate that the 
hearing loss was more profound as the infection persist d in the middle ear.  
Our previous study in guinea pig model indicated that when saline was injected 
into the middle ear the hearing loss strongly correlated with the loss of TM mobility at 
umbo (Guan and Gan 2011). Studying mechanisms of TM mobility loss would help in 
understanding the conductive hearing loss associated with AOM. In next chapter, we 
investigate the factors contributing to the loss of umbo mobility in the early and late 
phases of AOM. 
 
3.5 Conclusion 
The hearing loss of 4D and 8D AOM ears were evaluated by changes of ABR 
threshold. ABR threshold of chinchillas at 4D or 8D post inoculation significantly 
increased over 0.5-8 kHz. The threshold in 8D ears wa greater than that in 4D ears at 
all the frequencies, but significant increase was observed only at 2 and 4 kHz. 
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CHAPTER 4: FACTORS AFFECTING LOSS OF TYMPANIC MEMBRANE 
MOBILITY IN CHINCHILLA AOM MODEL 
4.1 Introduction 
The mechanisms of conductive hearing loss associated with AOM are not well 
understood. Recently we utilized a Streptococcus pneumoniae (SP) type 3 strain to 
produce a 3-day AOM model in guinea pigs (Guan and Gan, 2013). Data from that 
study unequivocally showed that changes in middle ear pressure, effusion volume, 
together with infection-induced structural changes each contributed to the loss of TM 
mobility (Guan and Gan, 2013). However, it is not clear how those factors vary along 
the course of the disease and whether those effects are reproducible in different species. 
The present study was designed to address these issues. 
In this chapter, we focus on characterizing the roles of middle ear pressure 
(MEP), middle ear effusion (MEE), and middle ear structural changes such as ossicular 
adhesions and soft tissue property changes in sound tra smission during the course of 
middle ear infection, we utilized the chinchilla AOM model initiated by transbullar 
injection of strain Haemophilus influenzae (HI) 86-028NP. The infected animals were 
divided into two groups: 4 days (early phase of AOM) and 8 days (later phase of AOM) 
post inoculation. In each group, the TM vibration at the umbo was measured using laser 
Doppler vibrometry (LDV) at three experimental stages: the unopened AOM ear with 
MEP and MEE, upon release of MEP, and after removal f MEE. We then quantified 
and compared the effects of middle ear pressure, effusion, and structural changes on 




4.2.1 Animal preparation 
Eighteen chinchillas (Chinchilla lanigera) weighing between 600-780 g were 
included in this study. The study protocol was approved by the Institutional Animal 
Care and Use Committee of the University of Oklahoma and met the guideline of the 
National Institutes of Health. All animals were free from middle ear disease (as 
evaluated by otoscopic examination) at the beginning of the study.  
The animals were divided into control and AOM groups. The control group 
included eight animals, and the AOM group of 10 animals was subdivided into two 
groups: the 4 days (4D) group of six animals and the 8 days (8D) group of four animals. 
AOM was produced by transbullar injection of HI 86-028NP suspension in both ears 
following the procedure described in Chapter 2. Under general anesthesia [ketamine (10 
mg/kg) and xylazine (2 mg/kg)], 0.3 ml bacterial suspension containing 3000 CFU was 
injected into the superior bulla bilaterally using a 1 cc syringe with a 26 gauge needle. 
After the challenge dose was administrated, otoscopic examination was performed 
daily. The animals of control group were untreated.  
At the 4th or 8th day post-inoculation, animals were anesthetized as described 
above. Additional anesthesia was administered as needed to maintain areflexia. The TM 
was examined microscopically, and then surgery was performed (see description 
below). In each animal, the experiment was conducte bilaterally (N=16 for control; 
N=12 for 4D AOM; N=8 for 8D AOM). For both control and AOM groups, the body 
temperature of the animal was maintained throughout the experiment at approximately 
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38° C by placing the animal in a prone position on a thermoregulated surgical heating 
blanket. 
4.2.2 Experimental protocol 
To expose the entrance of the ear canal, the pinna a d the skin covering the ear 
canal were removed surgically. The TM was examined un er a microscope to identify 
signs of AOM. Then the middle ear pressure and energy absorbance were measured by 
using a wideband tympanometer (Model AT235h, Interacoustic, MN). 
Upon the completion of tympanometry, a 3 mm diameter hole was drilled in the 
lateral wall of the ear canal to expose the umbo. Then a laser reflective tape (0.2 x 0.2 
mm2, < 0.01 mg, 3M, St. Paul, MN) was passed through the hole and placed on the 
center of the lateral surface of the TM (umbo) to establish the laser target for measuring 















Figure 4.1 Schematic diagram of the experimental setup with laser vibrometry at the 
umbo in the tympanic membrane in chinchillas and the methods for aspiration of the 
middle ear effusion. 
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The TM vibration measurement in AOM ears was performed in three 
experimental stages: OM-1, undisturbed bulla had intrinsic middle ear pressure and 
effusion; OM-2, the pressure was released from the middle ear; and OM-3, the effusion 
was drained from the middle ear. A sound delivery tube and a probe microphone were 
placed in the ear canal and the movement of the TM at umbo was measured. At each 
experimental stage, the TM measurement was conducted bilaterally using LDV.  
After completion of the vibration measurement in stage OM-1, the skin of the 
superior temporal bone was partly removed to expose the middle ear bony wall on top 
of the temporal bone. A hole of 1 mm diameter was drille  into the roof of the middle 
ear to release the middle ear pressure. After sealing the hole with dental cement (PD-
135, Pac-Dent, CA), the OM-2 evaluation was performed.  
Upon the completion of LDV measurements for stage OM-2, the hole on top of 
the temporal bone was opened and enlarged to 3-4 mm in diameter using a drill (Fig. 1). 
Under microscopic visualization a silicone tube was in erted to the bottom of the 
middle ear cavity through this hole. The middle ear ffusion was then aspirated 
manually from the cavity with a 1 ml syringe. The aspiration process was repeated as 
necessary until no additional fluid could be drained from the tympanic cavity. The total 
effusion volume obtained from each ear was then recorded. 
Adhesions were frequently found on the malleus head an  between the 
manubrium and the cochlear promontory when the top cavity was opened for stage OM-
3. These ossicular adhesions were not disturbed during the aspiration of the effusion. 
The opening on top of the temporal bone was then covered by a thin glass sheet, and 
sealed with dental cement. Then, LDV was performed for stage OM-3. After 
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measurements were completed at all 3 OM stages, the bulla was harvested. Then 
another hole (diameter of ~4 mm) was opened on the posterior area from the medial 
side to allow a microscopic examination of the middle ear. The ossicles were examined 
from the superior view to assess the malleus-incus complex and from the posterior-
medial view to evaluate the manubrium and the area dj cent to the round window. 
Control ears were prepared and analyzed in the samemanner as described above 
for ears with AOM. To exclude the effect of middle ear pressure in anesthetized animals 
(Guinan and Peake 1967), a hole of 1 mm diameter was drilled on the top of the middle 
ear cavity to release any pre-existing pressure. A r flective tape was placed on the umbo 
and the small opening on the roof of the temporal bone was sealed by dental cement. 
TM vibration was then measured by LDV as described in the next section. Note that the 
pressure was not measured in the control ears sincea y unbalanced pressure had been 
released in the preparation. 
4.2.3 Laser Doppler vibrometry measurement 
Figure 4.1 shows a schematic of the experimental setup for measuring TM 
vibration at the umbo with LDV. The methods of stimulus generation and umbo 
vibration measurement closely resembled those used in our previous guinea pig study 
(Guan and Gan, 2013). Briefly, pure tones at 80 dB SPL were presented into the ear 
canal sequentially from 100 Hz to 10 kHz for 50 cycles at each tone through a sound 
delivery tube. A probe microphone (Model ER-7C, Etymotic Research, IL) was inserted 
in the ear canal and the tip of the probe was placed pproximately 2 mm from the umbo 
to monitor the input SPL. After the sound delivery tube and the probe microphone were 
placed, the entrance of the ear canal was sealed with dental cement. As shown in Fig. 
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4.1, the opening in the lateral surface of the ear canal wall was covered by a transparent 
glass sheet, and the gap between the glass sheet and the bony wall was sealed with 
dental cement. Vibrations of the TM were measured by the laser vibrometer (Polytec 
CLV 2534, Tustin, CA). The direction of the laser beam was approximately normal to 
the lateral surface of the umbo. The peak-to-peak displacements (dp-p in unit of µm) of 
the TM at the umbo were calculated from the voltage output of the laser vibrometer 
velocity decoder by dp-p= 2Avolt/πf, where Avolt is the amplitude of vibrometer output 
(velocity) in Volts and f is the frequency of pure tone in kHz. To obtain the TM 
displacement phase, the measured velocity phase was shifted by -90o at all tested 
frequencies.  
Surgical preparation of each animal (inclusion of bth ears) required 15-20 
minutes. Tympanometry was completed within 2 minutes, and the LDV measurement at 
each experimental stage usually took about 10 minutes. The TM vibration data for the 
unopened bulla (OM-1) were collected about 30 minutes after the anesthesia. For other 
OM stages, the TM vibration data were obtained within 5 minutes after re-sealing the 




4.3.1 Microscopic observation and MEP of AOM ears 
After removing the pinna, the TM was examined micros opically to identify 
signs of AOM. The thin, translucent TM typical of normal (uninfected control) 
chinchillas is shown in Fig. 4.2A. The changes typical for the TM of an AOM ear at 4D 
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are shown in Fig. 4.2B. After this short time post infection, the TM appeared opaque 
and a middle ear effusion (yellow in color) was evid nt. However, at this low 
magnification such TMs exhibited no observable structural changes compared to control 
TMs. As shown in Fig. 4.2B, an air-fluid interface b hind the TM was usually visible 
and associated with AOM in 4D ears. The volume of MEE in 4D AOM ears ranged 
from 0.3-0.6 ml and had a mean value of 0.42 ml (± 0.11 ml standard deviation, SD) 
when the MEE was aspirated for experimental stage OM-2. In two of the ears exhibiting 
AOM at 4D, the volume of effusion was sufficiently large (~0.6 ml) to fill the middle 
ear over the umbo. The effusion level in the other ears from the 4D group filled the 
middle ear cavity to a level below the umbo. 
 
Figure 4.2 Microscopic photographs of (A) control eardrum, (B) 4 days AOM eardrum, 
and (C) 8 days AOM eardrum. 
 
A view of the TM in an 8D AOM ear is shown in Fig. 4.2C. TMs from this time 
period were hyperemic and opaque. A yellow-colored MEE was observed in each ear. 
In these ears, the effusion almost filled the entir middle ear space. MEE volume ranged 
from 0.7-0.9 ml with an average value of 0.82 ml (± 0.09 ml, SD). The observed mean 
fluid volume was significantly greater than that found in AOM ears after infection for 
four days (student t-test, p < 0.05). MEEs from both 4D and 8D ears were clearly 
purulent. The appearance of MEEs obtained at these two times following bacterial 
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challenge could not be distinguished from one another by the unaided eye or under low 
power light microscopy. 
 
Figure 4.3 Microscopic photographs of (A) middle ear cavity and ossicles in 4 days 
AOM ear, (B) malleus head in 4 days AOM ear, (C) middle ear cavity and ossicles in 8 
days AOM ear, and (D) malleus head in 8 days AOM ear. 
 
Next we evaluated the occurrence of changes in ossicular appearance and 
structure at 4D and 8D post challenge (Fig. 4.3). Prior to these assessments, MEEs were 
removed to better visualize the changes which occurred. Adhesions were formed 
between the TM and the cochlear promontory as well as around the round window 
niche by Day 4 (Fig. 4.3A). The manubrium, stapes, and long process of the incus were 
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covered with adhesions. As shown in Fig. 4.3B, adhesions were also observed on the 
malleus head.  
The typical appearance of the ossicles in ears of chinchillas experiencing AOM 
for 8 days is shown in Figs. 4.3C and 4.3D. Modest adhesions were observed in the 
round window niche and between the manubrium and promontory (Fig. 4.3C). Figure 
4.3D illustrates the adhesions formed on the malleus head. Adhesions also were 
observed between the ossicles and the adjacent middle ear walls in both 4D and 8D 
AOM animals. These AOM-associated ossicular changes in the chinchilla closely 
resemble those previously described in the guinea pig (Guan and Gan, 2013) and the 
gerbil AOM models (von Unge et al., 1997). Adhesion between the manubrium and 
cochlear promontory in 4D ears appeared to be thicker than those observed in 8D ears. 
In contrast, adhesions around the malleus head in 4D ears did not appear to differ from 
those occurring at 8D. In Fig. 4.3D, we also observed dilated capillaries in the mucosa 
near the malleus head. The changes of capillaries suggest a possible thickening of the 
mucosa layer. 
The MEP in stage OM-1 was measured by wideband tympanometry before the 
measurement of TM vibration. The MEP of all 4D AOM ears was negative and had a 
mean value of -176 ± 54 daPa. In the 8D AOM group, four ears exhibited a flat 
tympanogram, and the MEP was could not be identified. We believe that this 
observation probably reflects large amount of effusion present in the middle ear cavity 
(Jerger 1970; Paradise et al., 1976). The MEP of the remaining 8D ears with AOM were 













































































































































































































































4.3.2 TM mobility change in 4D AOM ears 
Figure 4.4 shows the individual and mean curves for TM displacement at the 
umbo in response to 80 dB SPL pure tones over frequencies of 0.1-10 kHz measured in 
twelve 4D AOM and 15 control ears. In each AOM ear, TM vibration was recorded at 
three experimental stages: OM-1, OM-2, and OM-3. The upper panels display the 
frequency response curves of the peak-to-peak displacement magnitude. The 
displacement phase curves are shown in the lower panels.  
TM displacement at the umbo measured in OM-1 with mean and individual 
curves is shown in Fig. 4.4A. At stage OM-1, the middle ear was unopened, and TM 
movement was affected by the MEP, MEE, and structural changes in the middle ear. 
The mean displacement magnitude gradually decreased from 0.023 µm to 0.009 µm 
over 0.1-2 kHz, and a continued reduction to 0.44 nm at 10 kHz was observed. The 
mean phase of OM-1 was flat for frequencies between 0.1-0.5 kHz with a value of -212o 
to -230o, and decreased at higher frequencies. The noise level for LDV measurement is 
plotted in the upper panel of Fig. 4.4A. It shows that the TM displacement magnitude in 
OM-1 was at least 10 dB greater than the noise level for most tested frequencies. 
Considering that TM mobility in OM-1 should be the lowest when compared to the 
other OM stages in this study, the LDV measurement is expected to be reliable. 
At stage OM-2 (Fig. 4.4B), the mean TM displacement curve was flat at 0.1-2 
kHz with a value of 0.022-0.045 µm and decreased after 2 kHz as frequency increased 
when the MEP was released. The mean phase decreased slowly from -14o to -230o over 
0.1-10 kHz. We noted that individual TM displacement values exhibited relatively large 
variations compared to the curves obtained in stage OM-1. The two lowest 
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displacement curves were obtained from the ears with 0.6 ml of MEE, the largest 
amount observed in the 4D ears. 
The magnitude and phase of TM displacement after th MEE was removed 
(stage OM-3) are shown in Fig. 4.4C. The variation of the individual displacement 
curves in OM-3 was smaller than that in OM-1 and OM-2. The mean displacement was 
flat between 0.1-1.5 kHz with a value of 0.034-0.052 µm, and decreased continually as 
frequency increased. The mean phase angle of OM-3 gradually decreased from -11o to -
210o over 0.1-10 kHz. It is important to note that the purulent adhesions still remained 
on the ossicles at this stage, a finding different from control ears. 
The TM displacement magnitude and phase determined from 15 control ears 
without AOM are displayed in Fig. 4.4D (16 control ears were initially involved in this 
study, but one TM was damaged during preparation and was excluded from our study 
for this reason). Mean TM displacement was flat betwe n 0.1-1.2 kHz with a value of 
0.11-0.18 µm, then decreased to 0.004 µm as the frequency increased to 10 kHz. The 
mean phase curve slowly decreased from -11o to -210o over the tested frequencies. 
Published data from Ruggero et al. (1990) describing pressure-released normal 
chinchilla ears were included in Fig. 4.4D for comparison with our newly obtained data. 
The displacement magnitude and phase curves obtained in our current study closely 
resemble those based on Ruggero’s data. 
The mean TM displacement curves at control and 3 OM stages in Fig. 4.4 are 
extracted and displayed with SD bars in Fig. 4.5. The statistical results (p-values) for 
Fig. 4.5A displacement data are listed in Table 4.1. Repeated-Measures ANOVA and 
Tukey post-hoc tests were used to compare the threeOM stages since the displacements 
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were measured from the same population. An unpaired t-t st was used to compare OM-
3 to uninfected control ears because these two middle ear conditions were from 
different populations. Statistical analysis was performed using Prism software 


















































Figure 4.5 Mean peak to peak displacement magnitude (A) and phase angle (B) of the 
TM at umbo with SD in response to 80 dB SPL sound input at the ear canal in 4 days 
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Significant changes in TM displacement occurred among the three OM stages 
(Table 4.1, column 2). As shown in Fig. 4.5A and Table 4.1, the TM displacement of 
OM-3 was significantly greater than that of OM-1 over frequencies of 0.1-10 kHz 
(column 3 of Table 4.1). After pressure in the middle ear was released (OM-2), the TM 
displacement increased significantly at low frequenci s (0.1-2 kHz, see column 4 of 
Table 4.1). As the effusion was drained from the cavity (OM-3), TM displacement was 
significantly increased compared to OM-2 at 4-10 kHz (column 5 of Table 4.1). When 
the OM-3 values were compared with those of control ears, there was a significant 
difference at all tested frequencies (column 6 of Table 4.1). It should be noted that at 
frequencies > 2 kHz, the TM displacement of OM-3 was slightly, but significantly, 
lower than that of controls (Fig. 4.5A). 
Figure 4.5B shows the mean ± SD of the TM displacement phase curves 
measured in control ears and three experimental stage  of 4D AOM ears. The mean 
phase in undisturbed AOM ears (OM-1) was much lower than that in control and other 
stages by 190o (roughly a half-cycle) over 0.1-10 kHz. After middle ear pressure was 
released (OM-2), the TM phase generally overlapped with the control at frequencies 
below 800 Hz and was greater at 0.8-2 kHz and lower at f > 2 kHz compared with the 
control curve.  After the effusion was removed (OM-3), the TM phase was almost the 
same as that of controls at all tested frequencies except 0.6-2.4 kHz, where the phase 
was greater than control.  
4.3.3 TM mobility change in 8D AOM ears 
Figure 4.6 shows the individual and mean curves of the TM displacement at the 
umbo in response to 80 dB SPL pure tones over frequencies of 0.1-10 kHz measured 
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from eight 8D AOM ears at the three experimental stges. The control curves shown in 
Fig. 4.6D are the same as those in Fig. 4.4D for comparison purposes. The upper panels 
display the frequency response curves of the displacement magnitude and the lower 
panels show the displacement phase curves.  
The TM displacement curves measured from unopened ears (OM-1) are shown 
in Fig. 4.6A. The mean displacement continually decreased from 0.03 µm to 0.22 nm 
over 0.1-10 kHz. The mean phase curve was flat at 100-300 Hz with a value of -215o to 
-240o, and decreased at higher frequencies.  
Figure 4.6B shows the TM displacement curves after th  MEP was released 
(OM-2). The individual variation of displacement magnitude at OM-2 was large, similar 
to the 4D OM-2 ears. This variation may relate to the different levels of middle ear 
effusion and the degree of middle ear ossicular andsoft tissue changes between 
individual ears. The mean displacement decreased from 0.04 µm to 0.3 nm over 0.1-10 
kHz. The mean phase was -77o at 100 Hz, increased to -40o at 200 Hz, then gradually 
decreased to -280o at 10 kHz.  
Figure 4.6C displays the TM displacement curves at t ge OM-3, in which the 
effusion was removed but the adhesions on the ossicle  remained unaltered. Inter-
individual variation in TM displacement was smaller than that in OM-2 and occurred 
mainly at frequencies below 2 kHz. The individual difference in 8D ears was greater 
than that in 4D ears (Fig. 4.4C) at stage OM-3. Themean displacement curve of OM-3 
in 8D was flat with a value of 0.06-0.08 µm at 0.1-1 kHz, and decreased to 2 nm at 10 
















































































































































































































































































































































































































































































































































































































































































































































































Figure 4.7 Mean peak to peak displacement magnitude (A) and phase angle (B) of the 
TM at umbo with SD in response to 80 dB SPL sound input at the ear canal in 8 days 
OM-1 (red line), OM-2 (blue line), OM-3 (purple line), and control ears (black line). 
 
The mean TM displacement curves from control ears and three OM stages in 
Fig. 4.6 were collected and displayed in Fig. 4.7. Figure 4.7A shows that the TM 
vibration slightly increased upon the release of pressure in 8D ears and the increase was 
smaller than that observed in 4D ears (Fig. 4.5A). The difference of TM displacement 




difference between OM-2 and controls in 4D ears (blue line versus black line) shown in 
Fig. 4.5A. After removal of the effusion, the TM displacement increased substantially 
and the difference between OM-3 and control in 8D ears (pink line versus black line) 
was smaller than that in 4D ears. This observation indicates that MEE is a primary 
factor contributing to the loss of TM mobility in 8D ears. 
The statistical analyses for the data in Fig. 4.7A are tabulated in Table 4.2 using 
the same methods as those for 4D ears. Comparing Table 4.2 with Table 4.1, we 
observed that the TM displacement in 8D ears did not change significantly at all tested 
frequencies after pressure was released (OM-1 versus OM-2). In contrast, releasing 
MEP significantly increased the TM mobility in 4D ears at low frequencies. After 
effusion was removed, the TM mobility in 8D ears increased significantly over the 
entire frequencies (OM-2 versus OM-3), but in 4D ears significant changes were 
observed only at high frequencies. In both 4D and 8D ears, the TM mobility at OM-3 
was significantly different from controls.  
For a quantitative comparison of TM mobility changes in two infection periods, 
Table 4.3 summarizes the mean values for TM displacement magnitude in 4D, 8D, and 
control ears. Six frequencies were selected to represent low, middle, and high frequency 
ranges.  
Table 4.3 List of mean peak-to-peak TM displacement magnitude of control, 4D, 





OM-1 OM-2 OM-3 OM-1 OM-2 OM-3 
0.25 0.0105 0.0350 0.0421 0.0081 0.0152 0.0651 0.1338 
0.5 0.0102 0.0294 0.0370 0.0108 0.0105 0.0711 0.1530 
1 0.0058 0.0227 0.0331 0.0042 0.0097 0.0587 0.1269 
4 0.0027 0.0045 0.0128 0.0010 0.0019 0.0126 0.0198 
8 0.0007 0.0013 0.0040 0.0005 0.0007 0.0040 0.0072 
10 0.0004 0.0009 0.0028 0.0002 0.0003 0.0022 0.0039 
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The TM phase data measured in control and three OM stages in 8D ears are 
shown in Fig. 4.7B. The mean phase in unopened AOM ears (OM-1) was much lower 
than that in control and other OM stages by 190o, and these differences increased with 
increasing frequency. After release of MEP, the mean phase curve in stage OM-2 was 
greater than control at 0.8-2 kHz but lower at other fr quencies. After the removal of 
MEP and MEE, the phase of OM-3 stage generally overlapped with the control curve 
but was slightly greater than control at 0.9-2 kHz. The large phase lag of the umbo 
movement observed in stage OM-1 of 8D ears is similar to that of 4D ears (Fig. 5B).  
  
4.4 Discussion 
4.4.1 Factors affecting TM mobility loss in AOM ears 
In this study, the TM mobility of chinchilla AOM ears was investigated at 4 
days and 8 days post transbullar inoculation with H. influenzae. These time points 
represent relatively early and later stages of AOM. Comparing the TM displacement 
curves obtained in the unopened 4D and 8D ears (stage OM-1) with that of control ears 
(Fig. 4.8A), the TM mobility at 8D did not differ significantly from that of infected ears 
at 4D at f < 1.5 kHz (also see columns of “OM-1” under 4D and 8D in Table 4.3). 
However, the results in Tables 4.1 and 4.2 suggest that the middle ear pressure (OM-1 
versus OM-2), effusion (OM-2 versus OM-3), and ossicular structure change (OM-3 
versus Control) at early infection contributed to the loss of TM mobility in a different 
manner from those at the later infection period. To quantify the effects of three factors 
(MEP, MEE, and structural change) on the loss of TM mobility at two infection periods, 
the results in Figs. 4.5A and 4.7A were calculated as the increase of TM mobility 
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(displacement in dB) at an OM stage with respect to the previous stage as shown in 
Figs. 4.8B-D. The effects of MEP, MEE, and middle ear structural changes on TM 
mobility over frequencies from 100 Hz to 10 kHz are shown in these figures and 
described in following sections. 
4.4.1.1 Effect of MEP on TM mobility along the course of AOM 
Figure 4.8B displays the increase of TM displacement caused by release of MEP 
after 4 days or 8 days of infection. In 4D ears (red line), an average 5-12 dB increase at 
frequencies below 3 kHz and a smaller increase (about 5 dB) at frequencies above 3 
kHz were observed after the release of MEP. However, in 8D ears the TM displacement 
increase due to pressure release was under 4 dB or even negative at some frequencies 
(blue line).  
Pressure in the middle ear increases the stiffness of the TM and thus decreases 
the TM movement as reported by Dai et al. (2008). Lee and Rosowski (2002) reported 
the reduction of the umbo mobility with controlled MEP in gerbil ears. Release of the 
MEP would reduce the tension in the TM and increase the TM mobility. In our present 
study, the increase of TM displacement upon releasing MEP in 4D is larger than that in 
8D ears. The effect of MEP on TM mobility may relat to the residual air space in the 
middle ear in these two inflammatory phases. In 4D ears the air-fluid interface was at or 
below the umbo and about half of the tympanic cavity was air-filled. In contrast, the 
effusion almost filled the entire space behind the TM (i.e., tympanic cavity) in 8D ears 
and only the superior cavity of the chinchilla middle ear remained air filled. The air 
space behind the TM is critical to its mobility and Ravicz et al. (2004) reported that 






























































































































































































































































































































there was little air space behind the TM in 8D ears compared with 4D ears. After the air 
pressure was released in 8D ears, the increase of TM motion was very limited because 
the tympanic cavity was almost filled by fluid as observed just before the aspiration of 
MEE. In 4D ears the TM displacement significantly increased upon the release of MEP 
due to sufficient air space behind the TM. Therefor, the MEP was a dominant factor on 
TM mobility loss in the early infection of AOM ears. In the extended (8D) AOM 
infection, MEP had little effect on TM movement because MEE filled the tympanic 
cavity.  
MEP in 4D and 8D ears substantially changed the phase of the umbo movement. 
In gerbil ears it has been reported that a small negative MEP stiffened the middle ear 
and led to a flat extension into the high frequencis n the phase curve (Lee and 
Rosowski 2001; Rosowski and Lee 2002). However, when t  negative MEP became 
large, e.g. -250 to -300 daPa in gerbil ears, a half-cycle phase lag in the umbo vibration 
was observed (Fig. 7 in Lee and Rosowski 2001; Fig. 5 in Rosowski and Lee 2002). In 
the streptococcal AOM model recently reported by Guan and Gan (2013) in guinea 
pigs, one ear at stage OM-1 showed the half-cycle phase change. The large phase lag 
observed in the present study is probably related to large negative MEP or tissue 
infection in AOM. The mechanisms behind these observations are not clear and need 
further study. 
4.4.1.2 Effect of MEE on TM mobility along the course of AOM 
As can be seen in Fig. 4.8C, TM mobility increased by an average of 10-18 dB 
over 140 Hz to 10 kHz after the effusion was removed in 8D ears (blue line). In 4D 
ears, removal of the effusion resulted in an average of 5-10 dB increase of TM 
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movement at frequencies greater than 3 kHz but had not much effect at low frequencies 
(red line). There was a huge difference of the MEE’s effect on TM mobility loss 
between 8D and 4D ears over the frequency range. Th principal reason for this TM 
mobility change during the disease course is the increase of MEE amount in the middle 
ear (on average from 0.42 to 0.84 ml) and the decrease of middle ear air space from 4D 
to 8D infection. The MEE in 4D ears neither covered the entire TM nor filled the 
tympanic cavity as shown in Fig. 4.2. There might be a possible viscosity change in 
MEE from 4D to 8D, but we did not measure the viscosity of the MEE in the present 
study. 
Middle ear fluid decreases TM mobility by two mechanisms: stiffening of the 
middle ear by reducing air space, and increasing effective mass of the TM (Ravicz et al. 
2004). The loss of middle ear air space and the increase of TM mass together reduce the 
umbo’s mobility at low and high frequencies, respectiv ly. An increase in MEE 
contacting the TM would lead to an increase of TM mass and more reduction of 
displacement at high frequencies as determined in human temporal bones by Ravicz et 
al. (2004) and Gan et al. (2006). The increase of TM displacement at high frequencies 
after the removal of the MEE in 8D ears was greater than that in 4D ears. This new 
observation in our present study is in agreement with the findings of the Ravicz et al. 
and Gan et al. studies.  
The TM mobility at low frequencies was decreased by reduction of the air space 
in the middle ear cavity and this effect became notable only when the middle ear was 
almost filled with fluid (Ravicz et al., 2004; Gan et al., 2006; Guan and Gan, 2011). In 
the present study, the volume of air space in the tympanic cavity of chinchilla ears is 
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0.9-1.0 ml. In 4D ears, the MEE occupied less than lf of the tympanic cavity (Fig. 
4.2) and the restoration of air space had little effect on TM movement at low 
frequencies. In 8D ears, the effusion occupied almost the entire middle ear air space, 
which not only increased the mass of the TM but also substantially decreased the 
middle ear air volume. Therefore, removal of the effusion significantly increased TM 
mobility over all tested frequencies in 8D ears. Thus, the MEE was the primary 
contributor to decreased TM mobility in the late stage of OM.  
Thornton et al. (2013) reported changes of the umbo vel city and cochlear 
microphonic threshold in chinchillas when the middle ear was filled with different 
volumes of silicone oil. Their results demonstrated that a reduction of the umbo 
mobility and an elevation of cochlear microphonic threshold both increased as middle 
ear fluid volume increased from 0.5 ml to 1.25 ml (Fig. 2A and Fig. 5A in their paper). 
Their study also demonstrated that the decrease of TM mobility at umbo was related to 
frequency. A small decrease in umbo velocity at lowfrequencies was observed when a 
small amount of fluid was instilled into the middle ear. As more fluid was added, the 
reduction of umbo velocity extended to high frequenci s and a large value of reduction 
was observed (Fig. 5A in their paper). The effect of MEE on TM movement reported in 
the present study is in general agreement with the findings of Thornton et al.  
It should be noted that the volume of MEE and the area of TM covered by the 
effusion in our study was different from the study by Thornton et al. (2013). From our 
observation, the entire TM was covered by MEE with 0.8-0.9 ml in the infected ears. 
Thornton et al. (2013) used 1.25 ml of silicone oil and the TM was 100% covered by 
the fluid, simulating a MEE in a normal ear. In our AOM model, we found a small 
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amount of pus remained in the small crevices of the middle ear cavity during the post 
experiment examination. This purulent material could not be aspirated with the MEE in 
the OM-3 stage. In addition, the middle ear mucosa was thickened in our infected 
chinchilla ears. It is possible that the space for the fluid in the more severely infected 
middle ear was smaller than that in the healthy ear, and thus required a smaller fluid 
volume to cover the TM in our infected ears.  
4.4.1.3 Effect of middle ear structural changes on TM mobility along the course of 
AOM 
As shown in Fig. 4.8D, the TM mobility of control ears was higher than that of 
OM-3 (MEP released and MEE removed) in both 4D and 8D ears. The residual 
reduction of TM mobility after release of pressure and removal of effusion suggested 
that infection-induced middle ear structural changes, including the ossicular adhesions 
and the possible micro-structural changes of middle ear soft tissues, contributed to the 
TM mobility loss. The residual TM mobility loss was frequency dependent as displayed 
in Fig. 8D. The middle ear structural changes in early nd late stages of AOM resulted 
in about 5 dB loss of TM mobility at f > 1 kHz. The r duction of TM mobility was 
enhanced to 8 dB for 8D ears and 13 dB for 4D ears at f < 1 kHz. In addition, the phase 
at OM-3 in both 4D and 8D ears was slightly higher than control at frequencies around 
1 kHz (pink line vs black line in Figs. 5B and 7B). These changes show that the middle 
ear was stiffer than controls in both 4D and 8D situat ons at stage of OM-3. Similar 
results were observed in our previous study of guinea pig AOM ears (Guan and Gan, 
2013). The AOM-induced structural changes in chinchillas may increase middle ear 
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stiffness and caused TM mobility loss mainly at low frequencies, similar to the AOM 
ear of guinea pigs. 
Ossicular adhesions have been observed in AOM models f gerbils (von Unge et 
al., 1997), rats (Caye-Thomasen et al., 1996; Caye-Thomasen and Tos, 2000), and 
guinea pigs (Guan and Gan, 2013). In the gerbil AOM model, von Unge et al. (1997) 
reported that TM stiffness was increased in ears with ossicular adhesions compared with 
normal ears. In this study it is possible that the adhesions in AOM ears (Fig. 4.3) could 
have fixed the manubrium, malleus head, incus, and stapes and increase the overall 
stiffness of the middle ear.  
Rosowski et al. (2008) reported the umbo vibration in patients with malleus and 
stapes fixation and their results indicated that significant loss of umbo mobility occurred 
at f < 3 kHz in both stapes-fixed and malleus-fixed groups (Fig. 9 in their paper). In a 
study of human temporal bones by Dai et al. (2007), fixation of the malleus caused a 
reduction of 15 dB at the umbo or stapes at low frequencies. Nakajima et al. (2005A; 
2005B) reported the vibration patterns of the umbo and stapes when adhesives were 
applied to the ossicles in human temporal bones and their results suggested that 
ossicular fixation increased the stiffness of the middle ear, reduced the umbo’s mobility 
mainly at f < 1.5 kHz, and increased the phase near1 kHz (see Figs. 5-7 in Nakajima et 
al. 2005A).  
The residual TM mobility loss observed in the chincilla AOM ears seems to be 
consistent with those published data measured from ears with ossicular fixation. If we 
assume that the adhesions fixed the ossicles in 4D and 8D ears, TM mobility at the 
umbo would be decreased. In addition, the mass of the adhesions might also affect the 
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TM mobility at high frequencies. Therefore, ossicular adhesions are likely to contribute 
to the residual mobility loss of the TM in our model. Figure 8D also suggests that the 
effect of ossicular changes in 4D ears was greater than that in 8D ears at f < 1 kHz, 
which may relate to the fact that the adhesions in 4D ears were generally thicker or 
denser compared with 8D ears as observed in Fig. 4.3. A possible explanation is that the 
inflammatory process has changed by the 8th day of AOM. 
Infection in the middle ear also commonly causes structural changes of middle 
ear soft tissues such as the TM (Larsson et al., 2003; von Unge et al., 1993; von Unge et 
al., 1997) and round window membrane (Gan et al., 2013). The mechanical properties 
of the TM in diseased ears are different from those of normal ears as reported by Luo et 
al. (2009); this also could affect middle ear vibration. Gan et al. (2013) reported soft 
tissue property changes of the round window membrane in a guinea pig AOM model; 
this might alter the cochlear load or cochlear input impedance to the middle ear. 
Pathological changes of the ossicular joints and stapedial annular ligament may also 
occur during middle ear infection. Therefore, in addition to the ossicular adhesions, the 
mechanical property changes of the TM, round window membrane, and other middle 
ear soft tissues may also contribute to the difference in TM mobility between OM-3 and 
uninfected control ears. However, it is difficult to differentiate the effects between 
ossicular adhesions and middle ear tissue structural changes in live animals. Future 
studies are needed to quantify whether and how suchoft tissue changes contribute to 
the middle ear mobility change during the course of AOM.  
4.4.2 Comparison of chinchilla and guinea pig AOM models 
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In our previous study of the guinea pig AOM model (Guan and Gan 2013), 
AOM was created by injection of Streptococcus pneumoniae into the middle ear and the 
change in TM mobility was measured after 3 days of in culation. In the current study, 
Haemophilus influenzae was used to induce the middle ear infection and produce this 
AOM model in chinchillas. SP and HI are two leading bacterial pathogens commonly 
used for creating AOM in animals. To our knowledge, the middle ear biomechanics 
during AOM was reported only in SP-induced models (von Unge et al., 1997; Larsson 
et al., 2003; Guan and Gan, 2013). The current study is the first to evaluate the middle 
ear mechanics in a HI-induced AOM model.  
Comparing the loss in TM mobility at the early phase of the disease in these two 
species with different bacterial pathogens, we found that the factors causing TM 
mobility loss at the early phase of the disease (3 days for guinea pig and 4 days for 
chinchilla) were similar for these two species although the bacterial pathogens used for 
creating AOM were different. In both AOM models, negative pressure was generated in 
the middle ear and resulted in about 10 dB reduction in TM (umbo) vibration at f < 2 
kHz. At higher frequencies, the effect of MEP on TM motion was not significant. 
Purulent effusion was found in both chinchilla and guinea pig models. The effusion 
filled about half of the tympanic cavity in guinea pigs and slightly less than half of the 
tympanic cavity in chinchillas. MEE led to the loss of TM mobility mainly at 
frequencies greater than 2 kHz at early phase of infection in both models (9-15 dB for 
guinea pig and 5-10 dB for chinchilla). In both species, ossicular adhesions were 
present and commonly located between the manubrium and cochlear promontory and 
around the round window niche. After the MEP and MEE were removed from the 
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middle ear, TM mobility at the umbo was lower than in control ears, mainly at low 
frequencies (< 2 kHz) for both species, which corresponds to the effect of ossicular 
adhesions and other middle ear structural changes on middle ear mechanics. Therefore, 
the middle ear pressure, effusion, and middle ear structural changes are the main factors 
leading to TM mobility loss in guinea pig and chinchilla AOM models in the early 
phase of the disease.  
The chinchilla AOM model reported in this study showed a slow development 
of middle ear infection compared with other AOM models such as the AOM model in 
guinea pigs reported in our previous study (Guan and Gan 2013). The type of bacteria 
and infective dosage in the middle ear affects the tim  scale of infectious process and 
thus can potentially influence the biomechanical changes of the middle ear for sound 
transmission. In our future studies on AOM induced by HI, the histological changes of 
the middle ear and mechanical properties of the middle ear soft tissues such as the TM, 
ossicular joints, and round window membrane will be included. 
 
4.5 Conclusion 
The roles of middle ear pressure, effusion, and structu al changes in TM 
vibration loss in chinchilla AOM ears were quantified over the course of the disease (4 
days and 8 days post inoculation). The effects of th se three factors on TM mobility 
loss vary with the course of AOM. The middle ear pressure was the dominant factor on 
reduction of the TM mobility in 4D AOM ears, but showed little effect in 8D ears when 
MEE filled the tympanic cavity. The middle ear effusion was the primary factor on TM 
mobility loss for 8D ears, but affected the 4D ears only at high frequencies. After 
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release of MEP and removal of MEE, there was residual TM mobility loss mainly at 
low frequencies in both 4D and 8D ears, which was as ociated with middle ear 
structural changes. More residual reduction of TM movement occurred in the early 
phase of the disease. This study establishes that the factors contributing to TM mobility 
loss in chinchilla middle ears infected with H. influenzae closely resemble those we 
previously reported in guinea pig middle ears infected with S. pneumoniae. 
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CHAPTER 5: WIDEBAND ENERGY ABSORBANCE MEASUREMENT IN 
AOM MODEL OF CHINCHILLAS 
5.1 Introduction 
Wideband energy absorbance (EA) describes the sound power transmitted into 
the middle ear over a broad range of frequency (Feeney et al. 2003). Several clinical 
studies reported that EA or energy reflectance (ER=1-EA) was affected by various 
middle ear disorders including tympanosclerosis (Rosowski et al. 2012), ossicular 
discontinuity (Feeney et al. 2003; 2009; Nakajima et al. 2012; Voss et al. 2012), 
otosclerosis (Allen et al. 2005; Shahnaz 2009A; 2009B; Sanford et al. 2012; Nakajima 
et al. 2012; Voss et al. 2012), and otitis media with effusion (Hunter et al. 2008; Beers 
et al. 2010; Ellison et al. 2012; Feeney et al .2003; Prikoyski et al. 1999; Voss et al. 
2012; Allen et al. 2005; Keefe et al. 2012; Hunter and Margolis 1997). EA is sensitive 
to middle ear pathologies and the measurement over the frequency range can assist 
diagnosis of middle ear diseases.  
Acute otitis media (AOM) is a rapid infection of the middle ear and the most 
frequently diagnosed disease in pediatric population in the United States (Gould et al. 
2010; Hoberman et al. 2011). In Chapter 4, we identfi d that the middle ear pressure 
(MEP), middle ear effusion (MEE), and together with nfection-induced structural 
changes each contributed to the loss of TM mobility during the course of the chinchilla 
AOM model produced by H. influenzae. Results show that the effect of each factor is 
frequency dependent and varies at early and later inf ct on period (The contents in 
Chapter 4 have been published in Guan et al. 2014). A series studies reported EA 
changes in otitis media with effusion (OME). However, there is a lack of EA 
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measurement in AOM ears and particularly, it is unclear how the EA measurement can 
differentiate the effects of MEP, MEE, and the tissue tructural changes in AOM ear.   
As an extension of the previous study of chinchilla AOM ears, in this chapter, 
we report the effects of those middle ear changes on ambient EA along the course of 
infection. The arrangement of the experiment is similar to that in the previous study. EA 
as function of ear-canal pressure and frequency was measured in normal, 4 days (4D), 
and 8 days (8D) AOM ears by using a wideband tympanometer. In each disease group, 
EA was measured at three experimental stages: the unopened AOM ear with MEP and 
MEE, upon release of MEP, and after removal of MEE. Threshold of auditory 
brainstem response (ABR) was recorded in all unopened AOM ears. EA at ambient ear-
canal pressure was extracted from the joint data. We then identified the effects of 
middle ear pressure, effusion, and structural changes on ambient EA at these two AOM 
periods.  
5.2 Methods 
5.2.1 Animal preparation 
Fifteen chinchillas (Chinchilla lanigera) weighing between 600-780 g were 
included in this study. The study protocol was approved by the Institutional Animal 
Care and Use Committee of the University of Oklahoma and met the guideline of the 
National Institutes of Health. All animals were free from middle ear disease (as 
evaluated by otoscopic examination) at the beginning of the study.  
The animals were divided into control and two AOM groups. The control group 
included six animals, and the AOM group had nine anim ls divided based on disease 
time course: the 4 days (4D) post-inoculation AOM group of five animals and the 8 
80 
days (8D) post-inoculation group of four animals. AOM was produced by transbullar 
injection of H. influenzae 86-028NP suspension in both ears following the procedure 
described in Chapter 2. The animals of control group were untreated.  
At the 4th or 8th day post-inoculation, animals were anesthetized with mixture 
of ketamine (10 mg/kg) and xylazine (2 mg/kg). Additional anesthesia was administered 
as needed to maintain areflexia. To expose the entrance of the ear canal, the pinna and 
the skin covering the ear canal were removed surgically. The TM was examined under a 
microscope to identify signs of AOM. In each animal, the experiment was conducted 
bilaterally (N=12 for control; N=10 for 4D AOM; N=8 for 8D AOM). For both control 
and AOM groups, the body temperature of the animal was maintained throughout the 
experiment at approximately 38° C by placing the anim l in a prone position on a 
thermoregulated surgical heating blanket. 
5.2.2 EA measurement 
The EA was measured by using a wideband tympanometer (Model AT235h, 
Interacoustic, MN) with Reflwin software on a PC. The measurement probe with 
commercial tips (outer diameter of 8 mm) was pressed to the bony rim of the entrance 
of the ear canal and held by hand to achieve a pressu  seal. Using click stimuli, the EA 
was measured at 60 frequencies between 0.25 and 8 kHz while air pressure in the ear 
canal swept between -300 and 200 daPa in descending direction. The surface area of the 
probe in the ear canal was used for calculation of EA (Keefe et al. 1993). In this study, 
the diameter at the entrance of the bony part of chinchilla ear canal was measured as 4-6 
mm. The system was calibrated in a set of two rigidly terminated tubes with an inner 
diameter of 4.5 mm. 
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The EA measurement in AOM ears was performed in three experimental stages: 
OM-1, unopened bulla had the MEP and MEE; OM-2, the pressure was released from 
the middle ear; and OM-3, the effusion was removed from the middle ear. At each 
experimental stage, the EA measurement was conducted bilaterally.  
After completion of the EA measurements in stage OM-1, further surgery was 
performed following the procedure by Guan et al. (2014). Briefly, the skin of the 
superior temporal bone was partly removed to expose the middle ear bony wall on top 
of the temporal bone. A hole of 1 mm diameter was drille  into the roof of the middle 
ear to release the middle ear pressure. After sealing the hole with dental cement (PD-
135, Pac-Dent, CA), the OM-2 test was performed.  
Upon the completion of EA measurements for stage OM-2, the hole on top of 
the temporal bone was opened and enlarged to 3-4 mm in diameter using a drill (Fig. 
4.1 in Chapter 4). Under microscopic visualization a silicone tube was inserted to the 
bottom of the middle ear cavity through this hole. The middle ear effusion was then 
aspirated manually from the cavity with a 1 ml syringe. The aspiration process was 
repeated as necessary until no additional fluid could be drained from the tympanic 
cavity. The total effusion volume obtained from each ear was then recorded. Ossicular 
adhesions were frequently found on malleus head and between the manubrium and the 
cochlear promontory when the top cavity was opened for stage OM-3. These ossicular 
adhesions were not disturbed during the aspiration of the effusion. The opening on top 
of the temporal bone was then covered by a thin glass sheet, and sealed with dental 
cement. Then, EA measurement was performed for stage OM-3.  
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Control ears were prepared in the same manner as describ d above for ears with 
AOM. To exclude the effect of middle ear pressure in anesthetized animals (Guinan and 
Peake 1967), a hole of 1 mm diameter was drilled on the top of the middle ear cavity to 
release any pre-existing pressure. Measurement of EA was then performed.  
 
5.3 Results 
5.3.1 Wideband EA tympanogram 
Wideband EA tympanogram is represented by plotting EA as a function of ear-
canal pressure (-300 to 200 daPa) and frequency (0.25 to 8 kHz). Because the goal of 
this study is to assess the effects of AOM on EA-frequency data at ambient pressure, we 
only show representative 3D EA tympanograms and 2D EA-pressure curves measured 
from control and unopened AOM ears (stage OM-1) in Figure 1 and 2, respectively. 
Analysis of 3D EA tympanograms measured in AOM at st ge OM-2 or OM-3 will be 
included in future study.  
Figure 5.1A shows typical EA tympanogram from a contr l chinchilla ear. EA 
peaked at ambient pressure (p=0) with a value of 0.3 at 250 Hz. The value and width of 
the peak gradually increased as frequency increases to 2 kHz. A “ridge” was observed 
near ambient pressure in low-mid frequency range.  At higher frequencies, EA showed 
a shape of “M” and the valley of the “M” was near 50 daPa. With increasing frequency, 






Figure 5.1 Energy absorbance tympanogram (as a function of ear-canal pressure and 
frequencies) in (A) control, (B) unopened 4D, and (C) unopened 8D AOM ear. 
Figure 5.1B displays typical EA tympanogram from a 4D AOM ear with 0.4 ml 
MEE. EA maximizes near -200 daPa at low-mid frequencies and the peak is more 





at 1 kHz. At higher frequencies (f > 2 kHz), EA peaks at two locations: -200 and +200 
daPa. 
Figure 5.1C shows typical EA tympanogram from an 8Dear with 0.9 ml 
effusion. A small rounded peak is observed near -200 daPa at low frequencies (f < 0.5 
kHz). EA at -200 daPa maximizes at 1 kHz, and the frequency at which maximum EA 
is observed gradually shifts from 1 to 3 kHz as ear canal pressure increases to 200 daPa. 
The overall EA in the 8D ear is lower than that in 4D ear.  
5.3.2 EA-pressure curve 
To better describe the EA variation with the ear-canal pressure from -300 to 200 
daPa at the low, mid, and high frequency, the EA-pressure curves were extracted from 
the control, 4D, and 8D tympanograms shown in Fig. 5.1 at 0.5, 1, and 4 kHz. Figure 
5.2A shows the EA-pressure curve at three frequencies of the control ear. Single sharp 
peak is observed near 0 daPa at both 0.5 and 1 kHz similar to conventional 
tympanogram at 226 Hz and 1 kHz. The peak EA reached at zero MEP or ambient 
pressure. At 4 kHz EA-pressure curve shows two peaks at 0 and 170 daPa, respectively.  
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Figure 5.2 EA-pressure curve at 0.5 (solid line), 1 (thin dashed line), and 4  kHz (thick 
dashed line) in (A) control, (B) unopened 4D, and (C) unopened 8D AOM ear. 
 
 Figure 5.2B displays the EA-pressure curves of the 4D ear in stage OM-1. In 
both 0.5 and 1 kHz curves, a rounded peak is observed at -220 daPa and EA is generally 
flat at positive pressure. The value of the absorbance in the region of pressure >100 
(A) (B) (C) 
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daPa and pressure < -200 daPa is greater than that ear ambient pressure in the 4 kHz 
curve.  
Figure 5.2C shows the EA-pressure curves of the unope ed 8D ear. The EA 
curve of 500 Hz is almost flat over the pressure range and a small rounded peak can be 
seen between -250 and -200 daPa. Absorbance at 1 kHz is greater than that at low 
frequency in the 8D ear and a large peak is observed at -150 daPa. The EA curve of 4 
kHz shows an “U” shape and the absorbance between -150 to 50 daPa is less than 0.1.   
5.3.4 MEP and MEE in AOM ears 
The MEP in stage OM-1 was quantified by reading the location of the peak in 
EA-pressure curve at 500 Hz. The MEP of all 4D AOM ears was negative and had a 
mean value of -184 (± 40 daPa, standard deviation, SD). In the 8D AOM group, three 
ears exhibited a flat EA-pressure curve, and the MEP was could not be identified. The 
MEP of the remaining 8D ears with AOM were all negative (mean value -145 ± 65 
daPa).  
The volume of MEE in 4D AOM ears ranged from 0.3-0.6 ml and had a mean 
value of 0.4 ml (± 0.13 ml, SD) when the MEE was aspirated for experimental stage 
OM-2. The MEE volume in 8D ears ranged from 0.7-0.95 ml with an average value of 
0.8 ml (± 0.14 ml). The amount of MEP and volume of MEE in 4D and 8D ears are not 
significantly different from those in our previous study (Guan et al. 2014). 
5.3.5 Ambient EA-frequency in 4D AOM ears 
Figure 5.3 shows the individual curves (dashed lines) of the ambient EA over 
frequencies of 0.25-8 kHz measured from ten 4D AOM ears and twelve control ears. 
Shaded area represents ±1 SD around mean. In each AOM ear, absorbance was 
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measured at three experimental stages: OM-1, OM-2, and OM-3 as shown in Fig. 3A, 
B, and C, respectively. 
 
 
Figure 5.3 Ambient EA-frequency curve in 4 days (A) OM-1, (B) OM-2, (C) OM-3, 
and (D) control ears. The dotted lines represent the individual curves. The shaded area 
represents ± 1 SD around mean. 
In stage OM-1 (Fig. 5.3A), the middle ear was unopened, and EA was affected 
by combination of the MEP, MEE, and structural changes in the middle ear. The EA 
was generally flat with fluctuation at low frequencies, maximized between 2 to 4 kHz, 
and decreased at higher frequencies.  
In stage OM-2 (Fig. 5.3B), EA increased over 0.25-2 kHz and then decreased at 
higher frequencies. Large individual variation in EA curves is observed at low 






variation may relate to the different amount of middle ear fluid and structural changes 
between individual ears.  
In stage OM-3 (Fig. 5.3C), the effusion was removed but the ossicular adhesions 
remained unaltered. Inter-individual variation of EA curves was reduced compared with 
in OM-2. EA increased at low frequencies, maintained maximum value at 1-3 kHz with 
a small decrease near 2.2 kHz, and decreased at frequencies greater than 3 kHz. As can 
be seen in Fig. 5.3C, there is no local peaks at low frequencies after the effusion was 
removed.  
Figure 5.3D displays the ambient EA curves measured from 12 control ears.  
The absorbance continually increased from 250 Hz to 1 kHz, was flat between 1.5 to 4 
kHz with a notch at 2.5 kHz, and then decreased at higher frequencies.  
The mean EA-frequency curves from control ears and three OM stages in Fig. 
5.3 were extracted and displayed in Fig. 5.4 with error bars. The statistical results (p-
values) for the EA data in Fig. 5.4 are listed in Table 5.1. Repeated-Measures ANOVA 
and Tukey post-hoc tests were used to compare three OM stages since EA were 
measured from the same population. An unpaired t-test was used to compare OM-3 to 
control ears because the middle ear condition in these two groups was from different 
populations. Statistical analysis was performed using Prism software (Graphpad, La 
Jolla, CA). The p-values of post-hoc test were repoted as inequalities in the software. 
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Figure 5.4 Mean ambient EA-frequency curve with SD in 4 days OM-1 (red line), OM-
2 (blue line), OM-3 (purple line), and control ears (black line). 
 
As shown in Fig. 5.4 and Table 5.1, significant changes in absorbance occurred 
among the three OM stages (Table 5.1, column 2). The EA of OM-3 was significantly 
greater than that of OM-1 over frequencies of 250 Hz to 8 kHz except 4-6 kHz (column 
3 of Table 5.1). After pressure in the middle ear ws released (OM-2), the absorbance 
increased significantly at low frequencies (0.25-2 kHz, see column 4 of Table 5.1). As 
the effusion was removed from the cavity (OM-3), EA was significantly increased 
compared to OM-2 near 1 kHz and high frequencies (6-8 kHz, column 5 of Table 5.1). 
When the OM-3 values were compared with those of control ears, there was a 
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5.3.6 Ambient EA-frequency in 8D AOM ears 
Figures 5.5A-C show the individual curves (dashed lines) of the ambient EA 
over frequencies of 0.25-8 kHz measured from eight 8D AOM ears at three 
experimental stages. The control curves are also diplayed in Fig. 5.5D which are the 












Figure 5.5 Ambient EA-frequency curve in 8 days (A) OM-1, (B) OM-2, (C) OM-3, 
and (D) control ears. The dotted lines represent the individual curves. The shaded area 
represents ± 1 SD around mean. 
In stage OM-1 (Fig. 5.5A), the absorbance was generally below 0.2 at 
frequencies less than 700 Hz, had peak at frequencies of 1-3 kHz, quickly dropped to 
the lowest value at 4-5 kHz, and increased at higher frequencies. All individual curves 
exhibited a narrow peak between 1 and 3 kHz. The locati n of the peak varied between 







In stage OM-2, large variation of EA between indiviuals was observed at low-
mid frequencies in Fig. 5.5B. Six out of eight ears exhibited single low-frequency peak 
at 0.25-1 kHz. The location of the peak varied betwe n individuals. The width of the 
peak was broader compared with that at stage OM-1. In most 8D ears, the EA declined 
to a minimum at 3-4 kHz and increased slightly at higher frequencies.  
In stage OM-3 (Fig. 5.5C), the individual variation was observed at low 
frequencies and the curves showed the same pattern over the frequency range. EA 
increased at low frequencies, maximized between 1 to 2 kHz, and decreased at higher 
frequencies. The individual difference may relate to the different levels of ossicular 
adhesions and tissue changes between the ears after inoculation. 
 
Figure 5.6 Mean ambient EA-frequency curve with SD in 8 days OM-1 (red line), OM-
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The mean EA curves from control and three OM stages in Fig. 5.5 were 
displayed in Fig. 5.6. The statistical analyses for the data in this figure are listed in 
Table 5.2 using the same methods as those for 4D ears. As can be seen in Fig. 5.6 and 
Table 5.2, EA in 8D ears increased statistically in a arrow range of low frequencies 
after pressure was released (column 4 of Table 5.2). In contrast, releasing MEP 
significantly increased the TM mobility in 4D ears over 0.25 to 2 kHz. After effusion 
was removed, the EA in 8D ears increased significantly at frequencies greater than 1 
kHz (column 5 of Table 5.2), but in 4D ears significant changes were observed near 1 
and 8 kHz. In 8D ears, the EA at OM-3 was significantly different from controls over 
the frequencies except 1 kHz (column 6 of Table 5.2).  
 
5.4 Discussion 
5.4.1 Comparison with published data 
Margolis et al. (2001) reported reflectance tympanogram (reflectance versus ear 
canal pressure and frequency) and ambient reflectance (reflectance versus frequency) of 
normal and chinchillas with Eustachian tube obstruction. Hsu et al. (2001) reported ER 
of neonatal and adult chinchillas. Our EA tympanogram of control ear (Fig. 1A) shows 
an inverted “V” shape at low frequencies (< 2 kHz) and a “M” shape at higher 
frequencies. The pattern of the control EA tympanogram is consistent with that of the 
normal ER tympanogram reported by Margolis et al. (2001) and Hsu et al. (2001). 
However, in these two earlier studies the value of the ambient ER from normal 
chinchillas was close to 1 (zero for EA) at frequenci s below 1 kHz (Fig. 11 A in 
Margolis et al.; Fig. 4 in Hsu et al.). In the present study, the ambient EA of control ears 
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was much greater than zero at low frequencies. One possible reason for the discrepancy 
is that the cross-sectional area of the ear canal used to calculate EA or ER in this tudy 
was different from the previous studies. The calcultion of EA depends on the cross-
sectional area of the ear canal. The ear-canal area at the measurement location should be 
used in calculation (Keefe et al. 1993) and larger ear-canal area decreases EA at low 
frequencies (Voss et al. 2008). In this study, EA was measured at the entrance of the 
osseous portion of the ear canal, where the ear-canal diameter was 4 to 6 mm. A 
constant area with a diameter of 4.5 mm was used to calculate the EA in wideband 
tympanometry. The measurement location in the earlier studies seems the same as ours, 
but a constant area with diameter 8 mm was used in Margolis et al. (2001), and 
acoustically estimated ear-canal area was used in Hsu et al. (2001). In human temporal 
bones, Voss et al. (2008) reported that the acoustically measured ear-canal area was 
greater than the physical measured ear-canal area in most cases. The relatively large 
area used for the calculation in the earlier studies probably resulted in smaller EA at low 
frequencies.  
For chinchilla ears with zero MEP, the peak of EA curves centers at ambient 
pressure at low frequencies and EA is low and flat at other pressure levels (Fig. 1A). 
When MEP is present, the EA peak at low frequencies would shift away from zero 
pressure, which results in a low EA at ambient pressure. In the present study, any pre-
existing MEP in control ears was eliminated before th  measurement because the MEP 
can build up due to anesthesia effect (Guinan and Peake 1967). The admittance 
tympanograms of normal chinchillas reported by Margolis et al. (Fig. 14 in their paper) 
and Hsu et al. (Fig. 2 in their paper) suggest that MEP existed in some animals in their 
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studies. Thus, anesthesia-induced MEP might occur and contribute to the high ambient 
ER (low EA) at low frequencies in these chinchilla ears. 
5.4.2 Factors affecting ambient EA in AOM ears 
In this study, EA at ambient pressure in the chinchilla AOM ears was 
investigated at early (4D) and later (8D) phases of AOM. The effects of middle ear 
pressure, effusion, and structural changes on EA at each AOM period were investigated 
by comparing the EA-frequency curves at an OM stage with respect to the previous 
stage (Figs. 5.3 and 5.5) together with the statistical analysis (Tables 5.1 and 5.2). The 
results demonstrated that three factors, the MEP (OM-1 versus OM-2), MEE (OM-2 
versus OM-3), and middle ear tissue structural changes (OM-3 versus Control) at early 
infection affected the ambient EA in a different manner from those at the later infection 
period. The effects of these three factors on EA during the AOM time-course are 
discussed with TM mobility change in the following sections. 
5.4.2.1 Effect of MEP on ambient EA 
In unopened AOM ears (OM-1), EA at ambient pressure was affected by 
combination of MEP, MEE, and structural changes. The EA of 4D and 8D ears at stage 
OM-1 was generally flat at low frequencies and reach d maximum value abruptly in 
mid-high frequency range. This pattern is consistent with the ER results observed in 
patients with otitis media with effusion (OME) by Beers et al. (2010) and Feeney et al. 
(2003), although the major pathologic changes in the OME ears were pressure and 
effusion. The narrow peak at mid-high frequencies might be related to resonant 
vibration of the TM, which was produced by combination of the MEP and MEE. 
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After the MEP was released (OM-2), EA substantially increased at low 
frequencies in both 4D and 8D ears. Stiffness of the middle ear dominates the TM 
mobility at low frequencies (Ravicz. et al. 2004; Gan et al. 2006). Voss et al. (2012) 
reported that the ER was increased at frequencies below 2 kHz when positive or 
negative pressure was introduced to the middle ear of cadaveric bones. In our current 
study, release of the MEP reduced the stiffness of the TM and increased the low-
frequency EA. The changes of EA due to release of the pressure agree with the effect of 
MEP on the reflectance observed by Voss et al. (2012).  
The increase of ambient EA upon releasing MEP in 4D was greater than that in 
8D ears (see blue line vs red line in Figs. 5.4 and5.6). Our previous study of umbo 
mobility in this chinchilla AOM model showed that the increase of umbo displacement 
in 4D ears was also more prominent than that in 8D ears after releasing the pressure 
(Guan and Gan 2014). It has been reported that the air space in the middle ear cavity is 
critical to TM mobility (Ravicz et al. 2004) and EA (Voss et al. 2008). The effect of 
MEP on EA is dependent on the residual air space in the middle ear. The tympanic 
cavity of 4D ears was nearly half-filled with MEE and the cavity of 8D was almost fully 
filled with effusion. The increase of EA after release of the pressure was limited 
because a relatively large amount of effusion remained in the tympanic cavity. In 4D 
ears the EA significantly increased upon the releas of MEP due to sufficient air space 
behind the TM. Thus, the effect of the MEP on EA in the early phase of AOM was 
greater than that in the later phase. MEP was the primary contributor to reduction of EA 
at low frequencies in 4D AOM ears.  
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5.4.2.2 Effect of MEE on ambient EA 
After the MEE was removed from the middle ear (OM-3), two changes were 
observed in the ambient EA-frequency curves for both AOM phases: (1) EA was 
significantly increased at high frequencies; (2) the peaks at low frequencies observed at 
stage OM-2 no longer existed and the EA tended to simply increase as a function of 
frequency at f < 1 kHz.  
MEE affects the middle ear mechanics by reducing the middle ear air space and 
adding mass to the TM (Ravicz et al. 2004). Upon removal of effusion EA was 
increased at high frequencies in both 4D and 8D ears due to a reduction of TM mass. 
However, the effect of fluid on EA at low frequencies is not as simple. Our results 
demonstrate that MEE resulted in a single EA peak at low frequencies in some 4D ears 
and in most 8D ears. There was no such explicit peak at low frequencies in the umbo 
displacement curves (Guan and Gan 2014). Voss et al. (2012) reported that when over 
half of the cavity was filled with fluid ER increased substantially at high frequencies 
and meanwhile there was a low-frequency notch in the ER curve (Fig. 6 in their paper). 
They proposed that the rapid changes of ER at low frequencies might result from air 
bubbles in the middle ear fluid (Voss et al. 2012). In our current study, air bubbles were 
observed only occasionally behind the TMs in 4D and8D ears. The low-frequency peak 
may be caused by resonant vibration of the whole TM when large amount of fluid were 
present in the middle ear. It is possible that when TM stiffness was reduced by release 
of the pressure the resonance frequency of TM vibration decreased, therefore, the 
narrow EA peak at mid-high frequencies in stage OM-1 shifted to low frequencies in 
OM-2. After the effusion was removed, the low-frequncy peak disappeared in 4D and 
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8D ears. In summary, MEE contributed to reduction of EA at high frequencies and 
resulted in narrow EA peak at low frequencies in some 4D and most 8D ears.   
5.4.2.3 Effect of structural changes on ambient EA 
After the pressure and effusion were removed from the middle ear (OM-3), 
residual reduction of ambient EA was observed at high frequencies in 4D ears and over 
all the frequencies in 8D ears (pink line vs black line in Figs. 5.4 and 5.6). The residual 
reduction of EA suggested that the infection-induced structural changes also contributed 
to EA changes. The structural changes include ossicular adhesions and mechanical 
property changes of middle ear soft tissues.  
As shown in our previous study, ossicular adhesions were found on the malleus 
head, between the manubrium and the cochlear promont ry, and around the stapes in 
the round window niche for both 4D and 8D ears. Those adhesions fixed ossicles and 
reduced umbo mobility mainly at low frequencies (Guan and Gan 2014). Effect of 
ossicular adhesions on EA has not been reported in the current literature. Margolis et al. 
(2001) reported the results of multi-frequency tympanograms obtained from one 
chinchilla ear with stapes adhesion, but the EA or ER of that ear was not shown in their 
paper. Otosclerosis is considered to have a similar effect on the movement of ossicular 
chain as the adhesions. Shahnaz et al. (2009) showed that there is an increase of ER 
(decrease of EA) below 1 kHz in patients with confirmed otosclerosis. However, there 
is a considerable overlap between the range of ER for the patients and that for normal 
ears. Voss et al. (2012) reported the ER in five cadaveric ears with stapes fixed with 
dental cement. Their results show that in three of five ears the fixation of stapes led to 
small increases of ER at low frequencies, and in the other two ears the ER was not 
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affected much by stapes fixation (Fig. 7 in their paper). Based on those published data, 
the effect of ossicular fixation on EA or ER seems to be relatively small compared with 
its effect on umbo movement (Rosowski et al. 2008; Nakajima et al. 2005).  
If we assume that the EA was minimally affected by the adhesions in chinchilla 
AOM ears, the residual reduction of EA in OM-3 was c used by changes of ear tissues, 
particularly changes of TM. The mechanical properties of the TM are believed to be 
crucial to EA because EA measures the mechanoacousti  re ponse of the whole TM. 
The TM properties are dependent on the micro-structu e of the membrane. Our ongoing 
histologic study indicated that the TM of 4D AOM was thicker than control and the 
thickening occurred mainly in the outer epithelial l yer. As middle ear infection 
persisted to 8D, the thickening of TM was more prominent due to the edema and 
infiltration of inflammatory cells in the outer epithelium and inner mucosa (results not 
included in this study). Those histopathological changes suggest that the stiffness and 
mass of TM may differ between control, 4D, and 8D ears. The residual reduction of EA 
in 8D was observed over the tested frequencies, while the residual loss of EA in 4D ears 
occurred at frequencies above 3 kHz. This difference may relate to different degrees of 
TM structural changes between the early and later phases of AOM. The TM changes 
might be the primary contributor to the residual loss f EA in AOM ears.  
5.4.3 Relation between changes of EA, umbo displacement, and ABR threshold 
In order to test if EA or umbo mobility can reflect the hearing loss in AOM, we 
compared the changes between EA, umbo displacement, and ABR threshold in 
unopened AOM ears of the chinchillas.  
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Figure 5.7 displays the mean ambient EA of control (black line), unopened 4D 
(blue line), and unopened 8D ears (pink line) extracted from Figs. 5.4 and 5.6. As can 
be seen, the EA in both AOM groups was lower than co trol over the entire 
frequencies. The reduction of 4D EA at 2 to 4 kHz was smaller than that at other 
frequencies. The minimal loss of EA in 8D ears was ob erved near 2 kHz.  
 
Figure 5.7 Comparison of mean ambient EA-frequency curve with SD between control 
(black line), unopened 4D (blue line), and unopened 8D ears (red line).   
The ABR threshold in both 4D and 8D ears was elevated over the tested 
frequencies (Fig. 3.4 in Chapter 3), which agrees with the reduction of EA. However, in 
both AOM groups the elevation of ABR did not decrease at frequencies where the 
reduction of EA decreased.  
The ABR changes correlated stronger with the changes of umbo displacement 
(Fig. 4.8A in Chapter 4) in 4D and 8D ears. Particularly, the umbo mobility at 2-6 kHz 
in 8D ears was substantially lower than that in 4D ears, which is consistent with 
statistical results of ABR data.  
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EA describes the total energy absorbed by the middle ear. Some of the energy 
was transmitted to the cochlea through ossicular chin, and some was dissipated in the 
middle ear cavity. Our findings suggest that the relation between the reduction of EA 
and the loss of the energy transmitted to the cochlea in AOM is not simple. Loss of 
umbo displacement reflected the changes of ABR threshold between 4D and 8D ears.  
 
5.5 Conclusion 
The effects of MEP, effusion, and structural changes on ambient EA in 
chinchilla AOM ears were examined over the course of the disease (4 days and 8 days 
post inoculation). Results show that the MEP was the primary contributor to reduction 
of EA in 4D AOM ears and had a smaller effect in 8Dears. MEE contributed to 
reduction of EA at high frequencies in both 4D and 8D ears and resulted in narrow EA 
peak at low frequencies in some 4D and most 8D ears. After release of MEP and 
removal of MEE, there was residual EA loss over all the frequencies in 8D ears and at 
high frequencies in 4D ears, which was probably associated with TM morphological 
changes. The ABR threshold elevated in both 4D and 8D AOM ears and the elevation 
of ABR did not decrease at the frequency where the reduction of EA decreased. This 
study characterizes the roles of MEP, MEE, and structu al changes in reduction of EA 
in chinchilla AOM ears.   
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CHAPTER 6: SUMMARY AND FUTURE WORKS 
To understand middle ear biomechanics in AOM ears, a chinchilla AOM model 
was produced by transbullar injection of H. influenzae.  We identified that middle ear 
pressure, effusion, together with structural changes such as ossicular adhesion and ear 
tissue microstructural changes each contributed to reduction of sound transmission in 
the chinchilla AOM ears. Our findings demonstrated hat these factors changed from 
early to later phase of AOM and their contributions to loss of TM mobility varied 
during the course of the disease. This study establi hed the structure-function relation of 
the middle ear in the AOM model.  The major findings are summarized below. 
Microstructures of the TM, RWM, and SAL in early and later phases of AOM in 
chinchillas were characterized by histologic analysis. The results show that the 
structures of those ear tissues underwent substantial changes in 4D AOM and the 
changes were more prominent in 8D ears. Thickness of the TM and RWM in normal 
and diseased ears was obtained to aid in deriving their mechanical properties in future 
studies. 
Conductive hearing loss of 4D and 8D AOM ears were valuated by ABR 
measurement. The results demonstrate that the chinchillas in both 4D and 8D groups 
had significant hearing loss over the frequencies and the hearing loss in 8D ears tends to 
be greater than that in 4D ears. 
Effects of MEP, MEE, and structural changes on TM mobility loss were 
quantified and compared between early and later phases of AOM. The results show that 
MEP was the dominant contributor to reduction of TMmobility in 4D AOM ears. MEE 
was the primary factor affecting TM mobility loss in 8D ears. After removal of MEP 
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and MEE, there was residual loss of TM mobility at low frequencies in both 4D and 8D 
ears, which was associated with middle ear structural changes. The factors contributing 
to TM mobility loss in the chinchilla ear were similar to those we reported previously 
for the guinea pig AOM ears induced by S. pneumoniae.  
Effects of the middle ear pathologic changes on EA were examined in 4D and 
8D ears. The results illustrated that EA was sensitive to MEP, MEE, and middle ear 
structural changes.  
All the research objectives listed in Chapter 1 arefulfilled. Our findings 
characterize the roles of middle ear pressure, effusion, and structural changes in middle 
ear biomechanics in early and later phases of the AOM model. The contribution of this 
study is to provide useful data for understanding the mechanism of conductive hearing 
loss in AOM.  
Following the current works on ear mechanics of the c inchilla AOM model, 
future works needed to extend our understanding on the mechanoacoustic response of 
the middle ear in AOM are discussed below.  
Mechanical properties of the ear tissues are crucial to sound transmission. Our 
histologic study showed the microstructural changes of the TM, RWM, and SAL in 
AOM ears. Their mechanical properties are still unclear. In order to understand the 
impact of AOM on tissue property changes, the following works needs to be done: (1) 
increase the numbers of TM, RWM, and SAL specimens in histologic study for 
statistical analysis on their morphologic changes, (2) improve the preparation of SAL 
sample to maintain its intrinsic structure, and (3) couple the structural changes obtained 
from histology with modeling to derive mechanical pro erties of those ear tissues. 
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The current study provided experimental data of TM mobility and EA changes 
in AOM ears. A finite-element (FE) model of the chinchilla ear would give additional 
insight into sound transmission in AOM ear. Effects of MEP, MEE, ossicular adhesion, 
and ear tissue mechanical property changes on middle ear vibration can be further 
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